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MDIOPHYSICS . 1965-1966 
R A D I O P H Y S I C A L  INVESTIGATIONS OF V E N U S  

A.  D. Kuz'min 

T h e  pub1 i ca t ion  "Radiophysical Inves t iga t ions  of Venus"  
provides a survey o f  rad io  astronomical and radar measure- 
ments of V e n u s ,  w h i c h  a r e  bas ic  sources of contemporary i n -  
formation concerning t h i s  p lane t .  T h e  r e s u l t s  of informa- 
t i on  concerning physical condi t ions on V e n u s ,  obtained on 
t h e  bas i s  of these inves t iga t ions ,  a r e  summarized. This 
issue is i n t e n d e d  f o r  s p e c i a l i s t s  working i n  t h e  a r eas  o f  
rad io  astronomy, p lane tary  astronomy, and space inves t iga-  
t i o n s ,  and a l s o  f o r  astronomers,  a s t r o p h y s i c i s t s ,  geo- 
p h y s i c i s t s  and representa t ives  of a l l i e d  s p e c i a l t i e s  i n -  
t e r e s t ed  i n  f h e  p h y s i c s  o f  t h e  p lane t .  

I n t  roduct 1 on 

With t h e  development of  cosmic f l i g h t s , p l a n e t a r y  inves t iga t ions  have be- 
come one of  t h e  b a s i c  d i r e c t i o n s  of  contemporary astronomy. Spec ia l  i n t e r e s t  
has a r i s e n  i n  t h e  s tudy  of phys ica l  condi t ions on Venus, t h e  c l o s e s t  p l ane t  i n  
t h e  3 o l a r  system t o  t h e  e a r t h .  

E 

Venus i s  t h e  b r i g h t e s t  luminary i n  t h e  sky a f t e r  t h e  sun and t h e  moon. 
Discovered before  our  e r a ,  Venus f o r  cen tu r i e s  has  a t t r a c t e d  the  a t t e n t i o n  of 
astronomers. Due t o  i t s  r e l a t i v e  proximity t o  t h e  e a r t h  ( a t  i t s  lowest po in t  
t he  d i s t ance  t o  it i s  approximately 40 mi l l i on  km) ,  Venus, it would appear,  
must be w e l l  s t ud ied .  However, much less information has  been acquired con- 
cerning t h i s  p l ane t  t han  f o r  example Mars, which is  a t  a po in t  o f  g r e a t  op- 
pos i t i on ,  i . e . ,  once i n  17 years  it approaches only t o  wi th in  60 mi l l i on  km 
of t h e  e a r t h .  

During t h e  long h i s t o r y  of i nves t iga t ions  of  Venus, even such fundamental 

Even t h e  diameter of t h e  plan-  
c h a r a c t e r i s t i c s  oE t h e  p l ane t  as temperature and s t a t e  of  aggregat ion of su r -  
f ace  mat te r  of t h e  p l ane t  were not  determined. 
e t a r y  body, o r  i t s  per iod  and t h e  d i r e c t i o n  of i t s  r o t a t i o n  around i t s  a x i s ,  
were unknown. 

. 
1- ~ , .  
f Numbers i n  t h e  margin ind ica t e  paginat ion i n  t h e  foreign t e x t .  
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The dense cloud l a y e r  of t h e  p l ane t ,  rendering t h e  p l a n e t  p r a c t i c a l l y  
inaccess ib l e  t o  o p t i c a l  observat ions,  is the  b a s i c  reason f o r  such a s c a r c i t y  
of informat ion concerning Venus. 

New methods f o r  Venus research were discovered only during t h e  last  
decades, when r ad io  astronomy, avd l a t e r  r ada r  astronomy, came t o  t h e  a i d  of 
o p t i c a l  astronomy. 

In  connection with t h e  f a c t  t h a t  t h e  e a r t h  cloud l a y e r  has a " t rans-  
parent window" i n  t h e  range of r ad io  waves we may a n t i c i p a t e  the  presence of \ 
an analogous " t ransparent  window" i n  the  range of  r ad io  waves i n  t h e  cloud 
cover of Venus as w e l l .  
r ad io  emissions and r a d a r  r e f l e c t i o n s  from Venus through t h i s  " t ransparent  
window" we may ob ta in  information concerning t h e  s u r f a c e  of t h e  p l ane t  inac- 
c e s s i b l e  t o  o p t i c a l  i n v e s t i g a t i o n s .  However, information i n  ava i l ab le  lit- 
e r a t u r e  concerning s t u d i e s  of Venus u t i l i z i n g  these  methods i s  q u i t e  incom- 
p l e t e  and o f t e n  contradictory.  

In conducting measurements of t h e  c h a r a c t e r i s t i c  

An attempt i s  made i n  t h i s  monograph t o  sum up r ad io  astronomical and /6 
r ada r  observations of Venus f o r  a per iod  of 10  yea r s ,  including information 
obtained concerning t h e  physical  conditions on t h i s  p l ane t  based upon these 
observat ions.  

The ma te r i a l  i n  t h i s  book i s  arranged i n  the  following order .  The 
s t a t u s  of  research on physical  conditions on Venus, based upon d a t a  obtained 
through o p t i c a l  observat ions,  i s  explained i n  t h e  f i r s t  chapter .  

The t h e o r e t i c a l  premises of radiophysical  i n v e s t i g a t i o n s  of  Venus a r e  
s t a t e d  i n  t h e  second chapter .  
a r a d i a t i o n  absorbent atmosphere i s  examined. 
meters measured i n  r ad io  astronomic and r ada r  observat ions,  and t h e  physical  
c h a r a c t e r i s t i c s  of t h e  p l ane t  has been determined. 

The theory of  r ad io  emanation of a planet  with 
The r e l a t i o n s h i p  between para- 

A survey of the  r e s u l t s  of r ad io  astronomic and r ada r  measurments of 
Venus a t  the  mid-1966 s t a g e  i s  given i n  t h e  t h i r d  chapter .  

The fou r th  chapter i s  devoted t o  the considerat ion of a v a i l a b l e  experi-  
mental d a t a  and t o  de f in ing  the  physical  conditions on Venus. 

In t h e  conclusion the  d i r e c t i o n  of f u r t h e r  i n v e s t i g a t i o n s  of Venus i s  
p ro jec t ed .  

vi 
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CHAPTER 1 

A SHORT SURVEY OF DATA CONCERNING VENUS 
OBTAINED FROM OPTICAL OBSERVATIONS 

1 .  Motion o f  t h e  Planet  /7 
In  d i s t ance  from t h e  sun,  Venus is t h e  second p lane t  of t h e  s o l a r  system. 

Its average d is tance  from t h e  sun comprises 0.723 astronomical u n i t s ,  i . e . ,  
approximately 1 .4  t i m e s  less t h a t  t h a t  o f  t h e  e a r t h .  The o r b i t  of Venus i s  
almost c i r c u l a r  ( e c c e n t r i c i t y  0.0068) and is inc l ined  toward t h e  p lane  of t h e  
e a r t h ' s  o r b i t  by 3O 24 min. 

The per iod  o f  revolu t ion  of Venus around t h e  sun ( s i d e r e a l  period) i n -  
cludes 224.7 e a r t h  days.  

In  i t s  movement r e l a t i v e  t o  the  sun and t h e  e a r t h ,  Venus p re sen t s  t o  t h e  
e a r t h  observer phases similar t o  the  phases o f  t h e  moon. 
j unc t ion  when Venus i s  loca ted  between t h e  e a r t h  and the  sun, t he  dark s i d e  
of  t h e  p l ane t  no t  i l lumina ted  by t h e  sun i s  turned  toward the  e a r t h .  
phase i s  analogous t o  t h e  new moon. In  t h e  supe r io r  conjunction Venus i s  lo-  
ca ted  almost exac t ly  behind t h e  sun and t u r n s  i t s  i l lumina ted  s i d e  toward the  
e a r t h .  This phase i s  analogous t o  the  full-moon. In  intermediate  pos i t i ons  
Venus passes  through a l l  in te rmedia te  phases of a p a r t i a l l y  i l lumina ted  d i sk  
similar t o  moon phases.  
which i s  ca l l ed  t h e  synodical  per iod ,  i s  equal  on t h e  average t o  584 e a r t h  
days. A l i s t  o f  t h e  conjunctions of Venus from 1950 u n t i l  t h e  year  2000 
borrowed by us from [74] i s  given i n  Table 1 of t h e  appendix. 

In t h e  i n f e r i o r  con- 

This 

The i n t e r v a l  of  t i m e  between two i d e n t i c a l  phases ,  

The problem of  t h e  parameters of r o t a t i o n  of  Venus has been t h e  subjec t  
of  numerous inves t iga t ions ;  s i n c e  t h e  year  1666, i . e . ,  f o r  300 years ,  more 
than 100 a r t i c l e s  have been publ ished.  

F i r s t  determinat ions of  t h e  parameters of  r o t a t i o n  of  t he  p l ane t  were 
based upon at tempts  t o  reveal permanent d e t a i l s  on t h e  p lane tary  d isk  and 
t o  t r a c k  t h e i r  v i sua l  movement. Such an attempt was made by D. Cassini  [131]. 
In  observat ions of t h e  movements of "spots t f  on t h e  v i s i b l e  d i sk  of  Venus 
c a r r i e d  out i n  t h e  yea r  1666, he concluded t h a t  t h e  per iod  of r o t a t i o n  i s  
equal t o  23 hours and 2 1  minutes. However, subsequent observers  of Venus were 
unable t o  note  any kind of d e t a i l  on Venus, and could n o t  even confirm t h e  
presence of  t he  "spots .  

/8 

Six ty  years  l a t e r ,  Bianchini [llq again observed d e t a i l s  on t h e  plane-  
t a r y  d i sk ,  and even drew up a map of  Venus represent ing  "oceans" and "con- 
t i nen t s . "  In  accordance with t h e  displacement o f  t hese  d e t a i l s  which were i n  
h i s  opinion constant ,  he obtained a per iod of  r o t a t i o n  equal t o  24 days and 
8 hours .  The e c l i p t i c  coordinates  of  t h e  pole  of Venus were determined by 

1 



him t o  %e X = 320°, B 

t o  t h e  plane o f  t h e  o r b i t  would be 15". 

= 75O, thus t h e  i n c l i n a t i o n  o f  t h e  p l a n e t ' s  equator  
F I? 

I n  the  course of t h e  following 150 yea r s  a ma jo r i ty  of observers ob- 
t a i n e d  va laes  approaching 25 hours f o r  t h e  pe r iod  o f  r o t a t i o n  of Venus. I n  
t h e  yea r  1857, a thoroughly e x c e l l e n t  r e s u l t  was obtained by S c h i a p a r e l l i  
[2&l ] .  He determined t h a t  t he  r o t a t i o n a l  per iod o f  Venus equaled the  per iod 
of its revolu.tion around t h e  sun (224.7 days) , and t h e r e f o r e  t h a t  Venus 
always t u r ~ i d  t h e  one s i d e  towand t h e  sun .  Dollfus [148] came t o  the  same 
concl.usion based iipori an ana lys i s  o f  many years  of v i s u a l  and photographic ob- 
servat.i.on o f  Venus. 

Such a l a rge  d i f f e rence  i n  the  r e s u l t s  of t h e  determinat ion of t he  r o t a -  
t i o i ~ a l  p e r i o d  of Venus i s  explained by the f a c t  t h a t  t h e  s u r f a c e  o f  t h e  plan- 
e t  i s  covered with a dense cloud l a y e r .  Actual d e t a i l s  within the  cloud lay- 
e r  are  s3 u.nc1e:a-r and nonstat ionary t h a t  even t h e  f a c t  of t h e i r  exis tence i s  
doub t f L l r l  . 

In th i s  connection Tiit: observations of N .  P .  Barabashev [ 8 ] ,  c a r r i e d  out 
frorr, A ~ g u s t  30 t o  Septem5er 20, 1964 o f  a la rge  black patch on Venus are in -  
te res t i izg .  Sigii.ifj.cr2nt ch.anges i n  both the  color ing of t h e  patch and i t s  
visirSi!iity a r e  n o t e d .  Thus on August 31 and September 3 t h e  patch was highly 
\.i:jible b u t  by Septefiber 19 had coinpletely disappeared. 

Observations i n  t h e  i n f r a r e d  p o r t i o n  o f  t he  spectrum, i n  which some forms 
of haze arid m i s t  are t r a n s p a r e n t ,  were a l so  without r e s u l t .  However, photo- 
graphs obtained ir; 1326 by- Ross u t i l i z i n g  u l t r a v i o l e t  rays  12271 unexpectedly 
r z v e r l s d  d a i k  barids ly ing  a2proxinats ly  perpendicular  t o  t h e  terminator .  
'rile c311.a.71ging p o s i t i o n s  of these bands from day t o  day t e s t i f i e d  t o  t h e i r  a t -  
imsr):ic.ric o r i g i n .  Ross estimated t h e  r o t a t i o n a l  pe r iod  as c lose  t o  one month. 
' ihsce bixids: lii:;!:.r;vered by Ross, were confirrned i n  1.950 and 1954 by Kuiper 
[2o ' / j ,  xho, proi-e:zding from the hypcithesis t h a t  t h e  bands were s t r e t c h e d  
a i o n g  t1:e plznetographic  p a r a l l e l s  c)f Venus , defined t h e  coordinates o f  t h e  
n o r t h  p o l e  of' t h e  p l a n e t  as 

/9 - which  coxespo:ids t o  a 32-degree i n c l i n a t i o n  o f  t h e  equator  t o  t h e  o r b i t a l  
p l m e ,  The? przsesice of bands i n  Kuiper 's  opinion i n d i c a t e s  comparatively 
rap; .. (j . Z'r" . . , i . C j r ~ .  .\C i o n  a x "  the a x i s .  

Analogous obse rva t ions  were c a r r j e d  out  in 1954 and 1355 by Richardson 
a t  th2  b i t .  Wi !.so2 observatory [275]. He obtained north po le  coord ina te s .  

which CorrespoiIds t o  a 14-degree i n c l i n a t i o n  o f  the equa to r  t o  the  o r b i t .  

7 
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S t i l l  another  attempt was made t o  def ine  t h e  p o s i t i o n  o f  Venus's po le  by 
Zotkin and Chigorin [32], who c a r r i e d  out v i s u a l  observat ions of white patches 
and bulges on t h e  limb. I t  w a s  noted t h a t  t h e  appearance o f  t hese  d e t a i l s  
corresponded t o  t h e  e s t ab l i shed  geocen t r i c  longi tudes of Venus. Assuming 
t h a t  these  bulges  were cloud formations connected with t h e  "cold pole" of  
Venus, t h e  au thor  def ined  t h e  coordinates  of  t h e  pole  as 

which corresponds t o  an i n c l i n a t i o n  of  t h e  equator  t o  t h e  o r b i t  of 39'. 

Detai led research  of t h e  bands observed i n  t h e  u l t r a v i o l e t  po r t ion  o f  t h e  
spectrum were c a r r i e d  ou t  by Boyer and Camichel. 

Boyer [120] having c a r r i e d  out  photography of Venus i n  1957, 1959 and 
1960, noted a four-day recurrence per iod of d e t a i l .  In  expla in ing  t h i s  re- 
s u l t  he  advanced t h e  hypothes is ,  i n  agreement with which t h e  r o t a t i o n  per iod 
of  Venus is  c lose  t o  96 hours and the  r o t a t i o n a l  a x i s  is  approximately per -  
pendicular  t o  t h e  plane of t h e  e c l i p t i c .  

Camichel [127], having c a r r i e d  out  a comparison of h i s  own photographs 
with those obtained a t  o the r  obse rva to r i e s ,  and separa ted  i n  t i m e  by seve ra l  
hours ,  i n  many cases de t ec t ed  a displacement of d e t a i l s  corresponding t o  r e t r o -  
grade r o t a t i o n .  

For  more d e t a i l e d  i n v e s t i g a t i o n ,  Boyer and Camichel [121] combined t h e i r  
photographs and s e l e c t e d  t h e  bes t  o f  them. An ana lys i s  of t h e  ma te r i a l  ob- 
t a ined  l ed  them t o  t h e  conclusion of t h e  presence on the  apparent su r f ace  of  
t h e  p l ane t  of  a cons i s t en t ly  e x i s t i n g  dark formation having t h e  form of  t h e  
l e t t e r  Y l a i d  on i t s  s i d e :  .i . Separate  p a r t s  of t h i s  formation appearing on 
t h e  i l lumina ted  p a r t  of t he  d i sk  had, due t o  r o t a t i o n ,  c r ea t ed  a discrepancy 
i n  the  v i s i b l e  p i c t u r e  of  t h e  d i s p o s i t i o n  of dark and l i g h t  zones. 

I n  u t i l i z i n g  ma te r i a l  der ived from observat ion,  which was co l l ec t ed  a t  
P i c  du Midi from 1948 t o  1960 and a t  Brazzavi l le  from 1957 t o  1960, and having 
added t o  t h i s  t h e  observat ions of Danzhon of  November 10,  1962, t h e  authors  
could t ake  advantage of  d a t a  encompassing a 14-year pe r iod  o f  t i m e .  
o f  convergence of  t h r e e  bands forming t h e  Y-shaped d e t a i l  was taken by them 
a s  a po in t  of  re ference .  
ec ted  photographs gave an average synodic r o t a t i o n  per iod  equal ing  96 hours 
and 33 minutes. 
t o  t h e  o r b i t  o f  t h e  p l a n e t  and re t rograde  r o t a t i o n ,  they  determined t h a t  t h e  
s i d e r i a l  per iod  of  r o t a t i o n  of Venus equals  97 h r ,  38 min. An attempt t o  
process  these  same measurements under an assumption of  normal r o t a t i o n  d i d  not 
succeed. 

The poin t  - /10 

Measurements o f  t h e  s h i f t  o f  t h i s  po in t  on a l l  se l -  

Under t h e  assumption of perpendicular i ty  of t h e  r o t a t i o n  a x i s  
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According t o  observat ions i n  1963 and 1964, Boyer and Camichel [122 ,  1231 
a l s o  obtained a p e r i o d i c i t y  of  fou r  days with v a r i a t i o n s  wi th in  l i m i t s  of from 
3.5 t o  4.5 days. They explained both t h e s e  v a r i a t i o n s  and t h e  l a t i t u d i n a l  
s h i f t  o f  t h e  patches by c i t i n g  l o c a l  movements of cloud masses which are a l s o  
observed i n  the  form o f  patches and b e l t s .  

Guinot 11781 obtained analogous r e s u l t s  concerning t h e  r o t a t i o n  per iod 
of Venus (4.120.7 days) and concerning i t s  r e t rog rade  r o t a t i o n .  

Notwithstanding t h e  constancy of t h i s  Y-shaped marking, t h e  establ ishment  
of t h e  r o t a t i o n  per iod  of  Venus i n  accordance with i t s  displacement cannot be 
considered r e l i a b l e .  In  fact, t h e  p o s s i b i l i t y  of t h e  presence of  no t  one bu t  
several similar Y-shaped markings success ive ly  appearing on a d i sk  cannot be 
excluded. In  t h i s  case  t h e  t r u e  r o t a t i o n  pe r iod  would be  f o u r  days mul t ip l i ed  
by -an i n t e g e r  number. 
c i t y  as r o t a t i o n  i s  not  t h e  only p o s s i b i l i t y .  Thus it may be assumed, f o r  
example, t h a t  p e r i o d i c a l l y  r ecu r r ing  meteorological phenomena t ake  p lace  i n  
t h e  atmosphere of Venus genera t ing  t h e  appearance of  dark bands. 

Besides t h i s ,  t h e  i ln te rpre ta t ion  of the  observed pe r iod i -  

Spectroscopic  methods of  i nves t iga t ion  of t he  r o t a t i o n  o f  Venus have a l s o  
not  y ie lded  d e f i n i t e  r e s u l t s .  F i r s t  observat ions c a r r i e d  out  from 1900 t o  1911 
by A. A. Belopol 'ckiy [ll ,  121 revealed a s h i f t  i n  t h e  l i n e s  of t h e  edge 
r e l a t i v e  t o  t h e  c e n t e r  of  t h e  v i s i b l e  d i sk  of  t h e  p l a n e t ,  corresponding t o  a 
r o t a t i o n  per iod o f  Venus of 1.44 days.  However, analogous spec t roscopic  
measurements made by S l i p h e r  [297, 2981 ind ica t ed  a much slower r o t a t i o n  with 
t h e  per iod  exceeding 15 days.  

La ter  spec t roscopic  observat ions c a r r i e d  out i n  1956 by Richardson [ 2761 

On t h i s  b a s i s  Richardson considers  t h a t  one of t h e  fol lowing 
1) re t rograde  r o t a t i o n  with a per iod  from 8 t o  46 

a l s o  revealed t h a t  Doppler s h i f t s  r e s u l t i n g  from r o t a t i o n  concealed m i s t a k e s  
i n  measurement. 
p o s s i b i l i t i e s  may be t r u e :  
days; t h e  p r o b a b i l i t y  of  t h i s  i s  1 / 2 ;  2) t h e  pe r iod  is  g r e a t e r  than 14 days 
if t h e  r o t a t i o n  i s  d i r e c t ,  and more than 5 days i f  the  r o t a t i o n  is  re t rograde ;  
t h e  p r o b a b i l i t y  of  t h i s  is 16/17; 3) t he  per iod  i s  g r e a t e r  than 7 days i f  t h e  
r o t a t i o n  i s  d i r e c t  and more than 3.5 days i f  re t rograde ;  t he  p r o b a b i l i t y  of 
t h i s  i s  134/135. 

/11 

2. Dimensions, Mass and D e n s i t y  

Venus i s  r e l a t e d  t o  t h e  p l a n e t s  of t h e  e a r t h  group and has approximately 
the  same dimensions, mass and average dens i ty  as t h e  e a r t h .  To c a l c u l a t e  t h e  
ephemeris, 
diameter of  the  e a r t h ;  a t  a d i s t ance  of one a s t ronomich  u n i t ,  t h i s  corresponds 
t o  an angular  diameter o f  16.82". In  agreement with Martynov's [68] appra i sa l  
and a following c r i t i ca l  review by Vaucouler [322]  compiled on t h e  b a s i s  o f  a 
series of observat ions and c a r r i e d  out over  t h e  las t  100 years ,  t h e  diameter  
of t h e  v i s i b l e  d i sk  of  Venus comprises 12,240'15 km. Measurements of t h e  
Shape of Venus c a r r i e d  out  during t h e  t i m e  o f  i t s  passage across  the  s o l a r  
d i sk  d id  not  revea l  any kind of devia t ion  of  t h e  d i sk  from a circle .  

t h e  diameter of  Venus was taken as 12,200 km, i . e . ,  0.956 of  t he  

In  
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practice the re fo re  t h e  v i s i b l e  f i g u r e  o f  Venus may b e  considered t o  be a globe. 
The a l t i t u d e  of t h e  cloud l a y e r  over  t h e  s u r f a c e  o f  t h e  p l ane t ,  and the re fo re  
the  diameter and shape o f  t h e  p l a n e t  i t se l f ,  are unknown. 

The mass of  Venus. is  408,500*160 times l e s s  than  the  mass of t h e  sun 
[138], which corresponds t o  0.815 o€ t h e  e a r t h .  

4.86 g/cm . For  t h e  e a r t h  t h e  corresponding quan t i ty  i s  equal  t o  5.52 g/cm . 
Accelerat ion of  g r a v i t y  on t h e  su r face  of Venus g9 = 835 c m  sec 
The second cosmic speed nea r  t h e  su r face  of  Venus i s  equal t o  10.2 km/sec. 

The dens i ty  of Venus i s  
3 3 

-2 . 

3 .  T h e  Atmosphere  and t h e  Cloud Layer 

The atmosphere o f  Venus was discovered i n  1761 by M .  V.  Lomonosov [66] 
a f t e r  having observed t h e  passage of  t h e  p l ane t  across  t h e  s o l a r  d i sk .  
However, up t o  t h e  present  time t h e  composition o f  t h e  atmosphere, temperature 
and t h e  pressure  are p r a c t i c a l l y  unknown. Such a s i t u a t i o n  r e s u l t s  mainly 
from t h e  fact t h a t  due t o  t h e  nontransparence of  t h e  atmosphere of Venus i n  
t h e  o p t i c a l  rang.e only the  upper l aye r s  of t he  gaseous-aerosol clouds o f  t h e  
p l ane t  are access ib l e  t o  our immediate inves t iga t ion .  
t h e  lower cloud l aye r s  remain t h e  sub jec t  of  d ive r se  hypotheses.  

A t  t h e  present  t i m e  

An eva lua t ion  of t h e  pressure  i n  t h a t  p a r t  of t h e  atmosphere above t h e  
clouds of Venus was c a r r i e d  out by Dolfus [27], Moroz [71, 721 and Vaucouler 
and Menzel [323]. 
red  and green p a r t s  of  t h e  spectrum. I n t e r p r e t i n g  t h i s  as a r e s u l t  o f  
molecular s c a t t e r i n g ,  he determined t h a t  t h e  equiva len t  a l t i t u d e  o f  t he  a t -  / 1 2  
mosphere of  Venus a t  t h e  l e v e l  of t h e  cloud l a y e r  was equal  t o  800 meters.  
Under a force  of  g rav i ty  somewhat less than t h a t  o f  e a r t h ,  t h i s  corresponds 
t o  a pressure  a t  t h e  top  of t he  cloud l a y e r  of 90 mb*. V .  I .  Moroz i n  
widening t h e  band of  absorpt ion C02 X 1.575 and 1.606 1-1 defined t h e  pressure  

a t  t h e  l e v e l  of t h e  cloud l aye r  a s  equal  t o  300 mb. 

Dolfus inves t iga t ed  t h e  d i f f e rence  i n  p o l a r i t y  i n  t h e  

- 

Vaucouler and Menzel [323] i n  accordance with observat ions of  t he  screen-  
ing of  Regulus by Venus, eva lua te9  t h e  p re s su re  a t  a l eve l  of 70 km above the  
cloud l aye r  as equal t o  2.6 x 10 mb. In  accordance with these  observat ions 
t h e  a l t i t u d e  of  t h e  similar atmosphere i n  t h e  l aye r  above t h e  clouds of 
Venus equals H = 6.8 km according t o  t h e  c a l c u l a t i o n  of t h e  au thors ,  and 
H = 6 km according t o  the  ca l cu la t ion  of Martynov and Posperge l i s  [67]. 

According t o  a c a l c u l a t i o n  o f  Sagan [282] based upon measurements o f  
t h e  bands o f  absorpt ion C02 X 0.8 1.1 [302] and 1 .6  1-1 [191], and t h e  screening 

of  Regulus by Venus [323], t he  p re s su re  a t  t h e  l e v e l  of  t he  cloud l aye r  f o r  
t h e  i l lumina ted  s i d e  o f  Venus was determined t o  be equal  t o  600 mb. 

.- - . _ _ _ . .  . _ i  - _ _  . .  . . .  - .  . . ..: 

* We are reminded t h a t  1 atm = 1013 mb. 
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An attempt t o  estimate t h e  p re s su re  i n  t h a t  p a r t  of t h e  atmosphere under 
He processed old spectrograms of  t h e  clouds was undertaken by Spinrad [302]. 

the  spectrum band 7820 4 obtained by Adams and Dunham [102]. 
t h e  pressure a t  the l e v e l  o f  the  r e f l e c t i n g  l a y e r  from 1.1 t o  4.6 atm 
according t o  t h e  spread of  t h e  s p e c t r a l  l i n e s .  
t h a t  high pressures  correspond as a r u l e  with high temperatures,  they i n t e r -  
p r e t e d  t h e  r e s u l t  as an i n d i c a t i o n  of change i n  t h e  a l t i t u d e  o f  the  r e f l e c t i n g  
l a y e r .  

They ca l cu la t ed  

In  connection with the  f a c t  

A t  t h e  lowest measured l e v e l  the p re s su re  approached 5 atm. 

The chemical composition of the  atmosphere of Venus has been the  sub jec t  
of  numerous spectroscopic  i n v e s t i g a t i o n s .  Nevertheless ,  thus f a r  carbon 
dioxide i s  t h e  s i n g l e  s a t i s f a c t o r i l y  explained component of t h e  atmosphere of 
t h e  p l ane t .  

Estimates of  the  content of  CO i n  the  atmosphere o f  Venus have been 2 
extremely d ive r se .  Un t i l  r ecen t ly  t h e  most accepted e s t ima tes  have been 
those of Adams, Dunham [ l o 2 1  and Kuiper [41]. According t o  these  est imates  
t h e r e  e x i s t s  above t h e  cloud l a y e r  l o 5  a t m  -cent imeters  * of C02, which appears 

t o  be t h e  b a s i c  component of the  atmosphere of Venus. Completely d i f f e r e n t  
r e s u l t s  were obtained r e c e n t l y  by Spinrad [302]. Having processed t h e  old 
spectrograms of Adams and Dunham he determined the  CO content t o  be equal t o  

2 x 10 atm-cent imeters .  However, i n  accordance with measurements of t h e  
width of the  l i n e s  of abscrpt ion,  he came t o  t h e  conclusion t h a t  the  ind ica t ed  
quan t i ty  of C02 i s  maintained above the  l e v e l  a t  which t h e  pressure comprises 

7 a t m .  In t h i s  case t h e r e  i s  above the  cloud l a y e r  (under a pressure a t  t h e  /13 
l e v e l  of t h i s  l a y e r  of 90 mb) only 4 x l o 3  atm -cent imeters  of CO 

r e l a t i v e  content of carbon dioxide i n  the atmosphere of  Venus c o n s i s t s  i n  a l l  
of 4% (according t o  the  mass). 

2 5 

and t h e  
- 

2’ 

According t o  an est imate  of Kaplan [193] the  r e l a t i v e  content o f  C 0 2  i n  

the atmosphere of Venus comprises 15%. 

Under e a r t h  condi t ions,  atmospheric carbon dioxide r e a c t s  with s i l i c a t e s ,  
which a r e  components of s o i l .  This process ,decreas ing  t h e  content of CO i n  

the  atmosphere,demands t h e  presence of water i n  t h e  l i q u i d  s ta te  as  a ca t -  
a lyt ic  agent. The l i b e r a t i o n  of  CO i n t o  t h e  atmosphere proceeds simultan- 
eously with t h i s .  

2 

2 The speed of t hese  processes  i s  determined by t h e  

* 1 Atm-centimeter is the thickness i n  cm o f  the l aye r  of s p e c i f i e d  gas 
which would be obtained i f  the gas were i s o l a t e d  and compressed t o  a 
pressure of 1 atmosphere under the inf luence of a s tandard temperature. 
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equi l ibr ium of Urey. 

comparison with t h a t  o f  e a r t h  i n d i c a t e s  apparent ly  a dis turbance i n  t he  
equi l ibr ium of Urey. A poss ib l e  reason f o r  t h i s  may be t h e  lack of water 

The abundance of C02 i n  t he  aSmQSpher9 of: Venus i n  

. on Venus. 

A series of attempts t o  d e t e c t  water  i n  t h e  atmosphere o f  Venus have 
been undertaken. 

I n  1921 J6hn and Nicholson [188] inves t iga t ed  a t  M t .  Wilson the  l i n e  o f  
water vapor near h 5,900 a. This l i n e  was not  detected.  They ca l cu la t ed  t h e  
upper l i m i t  o f  t h e  water vapor content above t h e  r e f l e c t i n g  l a y e r  of Venus as  
equal t o  1 mm o f p r e c i p i t a t e d  water,  i . e .  zbout 14% o f  t h e  content o f  water 
vapor i n  t h e  atmosphere of  t h e  e a r t h  over Mt. Wilson i n  wi.nte3:. 

Adams and Dunham [ lo21  c a r r i e d  out  analogous i n v e s t i g a t i . o w  of t h e  I i n e  
near 8,200 a and est imated t h e  upFer l i m i t  o f  t h e  water vapor content, or! \ ; ~ ~ I I L S  

as equal t o  5% o f  the  e a r t h ' s  l e v e l .  

I n  1960,with t h e  a i d  of an apparatus r a i s e d  011 a s t r a t o s p h c r i c  balloon 
i n  order  t o  decrease t e r r e s t r i a l  l ines ,  Strong and otheys undertook ~ e a s u r e -  
ments o f  t he  band of absorpt ion of water vapor ilea.1- X 1..15 u. It vias 
found t h a t  the  water vapor content above the  r e f l . ec t ing  clouds i71 t h e  Litno5- 
phere of Venus comprises (1.9 f 1.6)  - cm, i. e ,  (19 * l b )  p of  precL- 
p i t a t e d  water.  However, i n  connection with the  f a c t  t h a t  -the izater vapor  con- 
t e n t  measured by Strong and o the r s  is  commensurate w i t h  l.h:jt foumd i n  ?lie 
atmosphere o f  e a r t h  [243], -the c i t e d  da t a  were sub jec t  t o  doubt, 

I n  1962 Spinrad [301] reprocessed some o l d  b l t .  IVilson spectrograms nee-r 
X 8,180 8 .  He de tec t ed  no l i n e  o f  absorpt ion of water vapor. Iie cal.cuLated 
the  upper l i m i t  of  water vapor content i n  the  atmosphere of Venus HS 7 * lC! 
g 0 cm 2 (70 p) . From a comparison with forrner work de f in ing  the pri.:isiii-e j:: 

accordance w i t h  t h e  spreading of l i n e s  o f  absorpt ion o f  CO [.302] h e  con- 

s ide red  t h a t  t he  experiment r e f e r r e d  t o  t he  l eve l  a t  which th.e pressure con- 
s i s t e d  of 8 atm and t h e r e f o r e  t h e  r e l a t i v e  conten- t  o f  water vapo.r i n  Che a t -  
mosphere of Venus would be less than  9 * (according t o  tile i racsj ,  Rli.5 

ca l cu la t ion  was reduced t o  because of ii s e r i e s  of inc ie f in i  t e  q u m t i t i e s  ~ 

_. . 

2 

The next attempt t o  d e t e c t  water vapor was undertaken by Oollfus [150] /14 - 
i n  1963 by measurements of t he  band o f  H 0 near X 1 . 4  11. 

spectrum of Venus and t h e  moon under condi t ions of equal z e n i t h a l  d i s t ances  
he de t ec t ed  t h a t  i n  a l l  cases t h e  i n t e n s i t y  o f  the  band o f  H 0 i n  t he  spec- 

trum of Venus was h ighe r  than i n  t h e  spectrum o f  the  moon. 
t h a t  t h e  average water content of t he  Venus disk was equal t o  2.8 - l o d 2  
g cm-2.  These measurements were c a r r i e d  out  with a phase angle of 91" 
which corresponds t o  4 as the  average o p t i c a l  path o f  t h e  r e f l e c t e d  ray.  
From t h i s  t h e  water vapor content  i n  a v e r t i c a l  column was ca l cu la t ed  as 
equal t o  0 .7  g 0 c m - 2 ,  i . e .  70 p. Providing t h a t  th.e c a l i b r a t i o n  of 
t h e  apparatv.s was c a r r i e d  out  under pressure of 1 a t m  and t h a t  t h e  p re s su re  

In  comparing the  
2 

2 
H e  determined 
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Spectroscopic  i n v e s t i g a t i o n s  of t h e  noni l luminated p a r t  o f  t h e  Venus d isk  
conducted by Kozyrev E391 revealed t h e  presence of  c h a r a c t e r i s t i c  r a d i a t i o n  
of t h e  lower l aye r s  o f  t h e  atmosphere o f  Venus's dark s i d e .  The spectrum o f  
t h i s  r a d i a t i o n  i s ,  i n  a l l  p r o b a b i l i t y ,  i d e n t i f i a b l e  with bands o f  formaldehyde 
(HCHO) . 

Suess [314],on t h e  b a s i s  of a s tudy of t h e  h i s t o r y  of  Venus and i t s  
development from an i n i t i a l  cloud s i m i l a r  i n  composition t o  t h e  composition of 
t he  sun,considers  i t  probable t h a t  neon i s  t h e ' b a s i c  component of t he  atmos- 
phere of  Venus. 

In  summarizing t h e  above it  may be s t a t e d  t h a t  t h e  atmosphere of Venus 
d i f f e r s  from t h a t  of t h e  e a r t h  by g r e a t e r  dens i ty ,  s i g n i f i c a n t l y  g r e a t e r  con- 
t e n t  of carbon dioxide and s i g n i f i c a n t l y  lower content  of water  vapor and 
oxygen. There are no e s t ab l i shed  da ta  concerning o the r  gases .  I t  i s  poss ib l e  
t h a t  n i t rogen  i s  the  b a s i c  component of t he  atmosphere o f  Venus. 

The albedo of Venus i s  a func t ion  of wave length .  I t  i s  maximum a t  a 
wave near  1 LI and dimlnishes r a p i d l y  both i n  t h e  u l t r a v i o l e t  and i n  the  in -  
f r a red  po r t ions  of t h e  spectrum [72]. 

The high r e f l e c t i o n  c a p a b i l i t y  of Venus t o  v i s i b l e  l i g h t  i s  usua l ly  
connected with i t s  clouds.  Data concerning t h e  na ture  o f  t h e  clouds i s  q u i t e  
Contradictory.  Indices  of  d i f fus ion  o f  Venus obtained by Barabashev, 

d i sp l ay  a g r e a t l y  extended form. This p o i n t s  t o  t h e  d i f f u s i o n  of l i g h t  by 
r a t h e r  la rge  s c a l e  p a r t i c l e s ,  i . e . ,  t o  t he  presence i n  t h e  atmosphere of a 
l a rge  quan t i ty  of  aerosol  and t o  the  in s ign i f i cance  of  molecular d i f fus ion  of 
l i g h t .  Polar imet r ic  observat ions of Venus c a r r i e d  out  by Lyot [223] dem- 
ons t ra ted  t h a t  t h e  p o l a r i t y  of t h e  r e f l e c t e d  s o l a r  l i g h t  depends upon the  
phase of Venus. 
a t  t he  time of t he  supe r io r  conjunction and maximum a t  dichotomy. 
consider  t h a t  t h e  observed p o l a r i z a t i o n  of Venus i s  similar t o  the  po la r i za -  
t i o n  of t r anspa ren t  s p h e r i c a l  elements such as water drops 2.5 LJ i n  diameter.  
However, Van de Kholst [6] po in t s  out t h a t  t he  p o l a r i z a t i o n  da ta  may be j u s t  
as well  s a t i s f i e d  by quar tz  dust  with an average p a r t i c l e  diameter of 5 - 10 1 ~ .  

[7J Sobolev [86J Fesenkov [93] and o the r s  through photometric observa t ic  - /17 

According t o  h i s  observat ions t h e  p o l a r i z a t i o n  i s  equal t o  0 
We w i l l  

Spectroscopic  measurements by Strong and o the r s  [I181 i n  t h e  region of 
1 . 7  t o  3 .4  1 ~ -  revea led  a s p e c t r a l  curve corresponding e x c e l l e n t l y  with a labor-  
a to ry  curve of t h e  image of  ice c r y s t a l s .  However, Deirmendjian [144] d id  
not  consider  t h i s  comparison t o  be s u f f i c i e n t  proof of  t h e  presence of i c e  
c r y s t a l s  i n  the  clouds of Venus because o f  t h e  d i f f i c u l t y  i n  reproducing 
i n  t h e  labora tory  ice  c r y s t a l s  with dimensions corresponding t o  those  i n  
t h e  clouds. I n  addition,Deirmendjian remarked t h a t  t h e  Venus spectrum ob- 
t a ined  by Strong and o the r s  [118],agrees with a spectrum of dense e a r t h  
c i r r u s  clouds obtained by Blau and Espinola [114]. Small d i f fe rences  may be  
explained apparent ly  by t ak ing  mul t ip le  d i f f u s i o n  i n t o  account.  
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Kaplan [195] a l s o  does no t  consider  S t rong ' s  d a t a  t o  be a - su i t ab le  
argument i n  favor  of  t h e  ex i s t ence  on Venus of  ice clouds due t o  t h e  fact  t h a t  
a gap i n  t h e  spectrum obtained by Strong,  and a t t r i b u t e d  by him t o  i c e  cry- 
s t a l s ,  may have r e s u l t e d  from absorp t ion  by carbons dioxide.  

According t o  es t imates  by Moroz [70], produced i n  accordance with a 
max imum p o s i t i o n  on t h e  albedo s p e c t r a l  curve,  t h e  mean diameter of r e f l e c t i n g  
p a r t i c l e s  r r* 1 1.1. The last estimates by Doifus [151] were c a r r i e d  out  i n  
1964 a t  t h e  P i c  du Midi observatory.  These es t imates  based on measurements of 
t h e  index of d i f fus ion ,  r evea l  t h e  d i a m e t e r  of  t he  r e f l e c t i n g  p a r t i c l e s  
t o  be  1.5 t o  2 1.1. 

4. Temperature 

The problem of  t h e  temperature of t h e  p l ane t  is extremely important f o r  
The f i rs t  rad iometr ic  measurements o f  t h e  temperature of  a Venus p h y s i c i s t .  

Venus i n  accordance with the  i n t e n s i t y  of  p l ane ta ry  r a d i a t i o n  were c a r r i e d  
out by P e t t i t  and Nicholson [259] i n  t h e  s p e c t r a l  i n t e r v a l  8--14 p .  The 
luminance temperature i n  the  c e n t e r  o f  t h e  d i sk  was determined by him t o  
equal on t h e  average 240" K f o r  t he  nonilluminated s i d e  and 239 K f o r  t h e  
i l lumina ted  s i d e  of  Venus. 

/ l 8  - 

I t  i s  necessary t o  emphasize immediately t h a t  i n  connection with t h e  
nontransparency o f  t h e  atmosphere of Venus i n  the  i n f r a r e d  range, both t h e  
d a t a  c i t e d  above and t h e  fol lowing d a t a  concerning the  temperature of  t he  
p l ane t  refer  t o  i ts  cloud l aye r .  

Subsequent measurements by S in ton  and Strong [295] i n  the  s p e c t r a l  in -  
t e r v a l  8--13 1.1, c a r r i e d  out  using a more advanced method, revealed an analo- 
gous r e s u l t :  t h e  average temperature a t  t h e  center  of t h e  d i sk  was de t e r -  
mined t o  equal 234" K ,  and t h e  d i f f e rence  i n  temperature between the  illum- 
ina t ed  and t h e  noni l luminated s i d e s  of t he  p l ane t  d i d  not  exceed seve ra l  
degrees .  Later  measurements by Sinton [296] on waves 8 . 8  and 11 .9  p ,  pro- 
duced a t  var ious  phases ,  a l s o  d id  not  revea l  any kind of phase s h i f t .  The 
average temperature was determined t o  equal 234.3 5.4" K .  On one of t h e  
days of observat ion (September 29, 1960), a r ise  i n  temperature t o  257O K 
was noted which, in  t h e  opinion of  t h e  author ,  may have r e f l e c t e d  a tempor- 
a ry  change i n  condi t ions i n  the  atmosphere of Venus. The high r e so lu t ion  
(lf!4 ) r e s u l t i n g  from t h e  use of t h e  200 inch  te lescope  of  t h e  observatory 
on M t .  Palomar permi t ted  S in ton  and Strong t o  obta in  the  d i s t r i b u t i o n  of  
br ightness  on the  p l ane ta ry  d isk  i n  the  d i r ec t ions  east-west  and north-south.  
Darkening of t h e  limb i n  comparison with t h e  cen te r  was de tec ted .  Equator- 
i a l  d i s t r i b u t i o n  of b r igh tness  i s  w e l l  approximated by t h e  c o r r e l a t i o n  

cos 1/2 8 ,  where 8 i s  t h e  p l ane tocen t r i c  angular  d i s t ance  from t h e  c e n t e r  of  
t h e  d isk .  
t h e  edges of t h e  limb a r e  co lde r  (by 8--10" K) than  i n  t h e  d i r e c t i o n s  
corresponding with t h i s  plane.  
was de tec ted  through observat ions i n  1953. This  reg ion  i s  p o s s i b i l y  

In  t h e  d i r e c t i o n s  perpendicular  t o  the  p lane  o f  t h e  e c l i p t i c ,  

A cold region near  t h e  nor th  cap o f  t he  p l ane t  
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connected with a b r i g h t  cloud previous ly  observed by photography i n  the  
u l t r a v i o l e t  spectrum. 

I n  1959 Sin ton  repeated the  ind ica t ed  measurements with a 42" te lescope  
with lower r e s o l u t i o n  [75] and a l s o  obtained darkening of t h e  limb. 

I n  1962 Murray, Wildey, and Westphal [244] c a r r i e d  out  rad iometr ic  
measurements of  Venus with a 200" te lescope  approximately one month a f te r  t h e  
i n f e r i o r  conjunction. A r e s o l u t i o n  of  l ' I . 5 ,  which corresponded t o  1/30 of t h e  
Venus d i sk  permit ted them t o  formulate a map of t h e  d i s t r i b u t i o n  o f  br ightness  
temperature on t h e  p l ane ta ry  d i sk .  Isophotes of b r igh tness  temperature 
are drawn out i n  a p a r a l l e l  d i r e c t i o n  t o  t h e  o r b i t a l  p lane  of  t h e  p l ane t  and 
confirm t h e  conclusion o f  S in ton  and Strong [295] concerning a l a r g e r  dark- 
ening nea r  t h e  po le s .  
l i g h t  p a r t s  of t h e  p l ane t  were not  de tec ted .  A l o c a l  h o t  a r ea  was revealed 

from day t o  day, while a t  t h e  same t i m e  t he  temperature o f  t h e  remaining 
p a r t  o f  t h e  d i sk  remained cons tan t .  

Difference i n  temperature between t h e  dark and the  

on the  southern p a r t  of t h e  d i sk .  I ts  temperature and dimensions changed - / 19 

I n  1964 these  inves t iga t ions  were continued from December, 1963 t o  
August, 1964. 
maximum br ightness  temperature from the  cen te r  of  t h e  d i sk  t o  t h e  s i d e  opposi te  
t h e  sun. This circumstance,  and a l s o  a decrease i n  t h e  absolu te  value of  t he  
br ightness  temperature near  t he  i n f e r i o r  conjunct ion i n  comparison with 
measurements i n  December, 1963 a t  small phase angles ,  leads t h e  authors  t o  t h e  
conclusion t h a t  t he  poin t  opposi te  t he  sun i s  s e v e r a l  degrees warmer than t h e  
poin t  near  t h e  sun.  
region of t he  te rmina tor  was confirmed. 

The isophotes  obtained d i sp lay  a displacement o f  t h e  a r e a  of  

The presence of  a h o t  area near  t h e  south pole  i n  the  

Chase, Kaplan, and Naugebauer c a r r i e d  out  analogous inves t iga t ions  of  t h e  
i n f r a r e d  r a d i a t i o n  of Venus u t i l i z i n g  methods of  high r e so lv ing  power from 
t h e  cosmic s t a t i o n  ttMariner-2" [135]. 
t r a l  i n t e r v a l s  10.2--10.5 and 8.1--8.7 1-1. Five measurements on the  dark s i d e ,  
f i v e  on the  l i g h t  s i d e ,  and e i g h t  along t h e  te rmina tor  were c a r r i e d  ou t .  
Brightness temperatures i n  t h e  ind ica t ed  s p e c t r a l  i n t e r v a l s ,  t h e  f irst  of 
which corresponds t o  a band of absorpt ion,  and t h e  second t o  a window of  
t ransparence of  CO , proved t o  be i d e n t i c a l .  

pa r i son  with t h e  cen te r  was observed a t  approximately 20" K.  Brightness 
temperature i n  the  cen te r  of  t h e  d i sk  i s  240' K .  Br ightness  temperatures of 
t h e  dark and l i g h t  s i d e s  of t h e  p l ane t  are i d e n t i c a l .  A d e t a i l  was r e g i s t e r e d  
i n  the  southern p a r t  o f  t he  te rmina tor  which was co lde r  t han  t h e  surrounding 
are a. 

Measurements took p lace  i n  two spec- 

Darkening of  t h e  limb i n  corn- 2 

Radiometric measurements on the  s h o r t e r  wave 3.75 l~ were c a r r i e d  out by 
Sinton [296] and revealed a b r igh tness  temperature of 236" K ,  c lose  t o  t h a t  
obtained i n  t h e  i n t e r v a l  8--13 1-1. 
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Chamberlain and Kuiper [132] undertook t o  determine t h e  temperature of  
Venus through t h e  measurement o f  ro t a ry -v ib ra t iona l  bands 8,689 and 7,820 A .  
Assuming an o p t i c a l l y  i s o t r o p i c - s c a t t e r i n g  atmosphere, they  obtained a t e m -  
pe ra tu re  of 285 * 9" K .  Go2 

band X 8 ,  689 

In  reprocessing o l d  M t .  Wilson spectrograms i n  the  region of theC02 band X 
7,820 A, Spinrad [302] obtained analogous a t t e n t u a t i o n  o f  l i n e s  a t  an i n -  
creased phase angle .  
proved t o  be  t h e  high temperatures  o f  ro t a ry  junc t ions ,  which changed f o r  
var ious  days of observat ion from 214 * 6 t o  445 * 31" K .  * In  connection with 
t h e  fact t h a t  h ighe r  temperatures correspond a s  a r u l e  with h igher  p re s su res ,  
v a r i a t i o n s  i n  temperature are i n t e r p r e t e d  by him as changes i n  t h e  a l t i t u d e  
of t he  r a d i a t i n g  l a y e r ,  r a t h e r  than changes i n  the  depth of pene t r a t ion  of 
t h i s  r a d i a t i o n  i n t o  t h e  atmosphere of  Venus. 

Kuiper de t ec t ed  a l s o  an a t t e n t u a t i o n  i n  t h e  
A re lat ive t o  theC02 band 8,498 A a t  an increased  phase angle.  

However, t he  most important r e s u l t  obtained by Spinrad 

/20 

As i nd ica t ed  e a r l i e r ,  a l l  o f  t h e  da t a  c i t e d  above concerning temperature 
obtained through measurements i n  the  i n f r a r e d  band, r e f e r  t o  the  cloud l aye r  
of t he  p l ane t .  An es t imate  of  t he  temperature o f  t h e  s t r a tosphe re  of  Venus 
was made by Rasool [273], through d a t a  obtained by observat ion of t h e  cov- 
e r i n g  of  Regulus [323] by Venus. H i s  e s t imates  s e t  t he  temperature of  t h e  
mesopause near  200" K .  

Due t o  t h e  nontransparence of  t h e  atmosphere of  t he  p l ane t  i n  t h e  in fa red  
range, i t  i s  no t  poss ib l e  through o p t i c a l  observat ion t o  measure the  tempera- 
t u r e  of  t h e  su r face  of t h e  p l ane t  i t s e l f .  

5. The Magnetic F i e l d  

The f i rs t  attempt t o  eva lua te  t h e  magnetic f i e l d  of Venus was undertaken 
by Houtgast [183, 1841. As a b a s i s  f o r  research t h e  assumption was made t h a t  
t he  magneto-sphere of Venus serves  as  a screen f o r  s o l a r  corpscular  streams 
and the re fo re ,  near  t he  i n f e r i o r  conjunction of  Venus, when t h e  p l ane t  i s  
loca ted  between t h e  sun and t h e  e a r t h ,  one may expect a reduct ion  i n  geomag- 
n e t i c  a c t i v i t y  of t he  sun on t h e  e a r t h .  An ana lys i s  of  t h e  r e s u l t s  o f  meas- 
urements of geomagnetic a c t i v i t y ,  c a r r i e d  out s ince  1890 from approximately 
27 i n f e r i o r  conjunctions of Venus and i n  per iods  of  weak s o l a r  a c t i v i t y ,  
displayed an a c t u a l  reduct ion i n  s o l a r  geomagnetic a c t i v i t y  when t h e  prox- 
imi ty  of Venus t o  t h e  sun (by l a t i t u d e )  was c l o s e r  than  4. 5". Numerical 
eva lua t ions  of  t he  magnetic fie1,ds have been made under add i t iona l  assumptions 
concerning t h e  na tu re  of s o l a r  corpscular  streams. Thus i f  t h i s  i s  a stream 
of  protons thrown o f f  by t h e  sun with a speed of 500 km/sec, t h e  revea led  
screening e f f e c t  must correspond t o  a magnetic f i e l d  of  Venus 5 times g r e a t e r  
than t h a t  o f  e a r t h .  
n e t i c  f i e l d  o f  Venus must be eva lua ted  at  5,000 t i m e s  g r e a t e r  than t h a t  of 

If t h e  corpscular  cloud i s  e l e c t r i c a l l y  n e u t r a l ,  t h e  mag- 

(%m * * In  con t r a s t  - to  Chamberlain and Kuiper [132],Spinrad determined t h e  tempera- 
t u r e  under t h e  assumption o f  a nondiffusing-Venus atmosphere which, i n  
comparison with [ 1321,  raises somewhat t h e  temperature values which he 
obtained. 
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The r e s u l t s  o f  t h e  eva lua t ions  c i t e d  above are i n  sharp  con t r ad ic t ion  
with d a t a  obtained through measurements o f  t h e  magnetic f i e l d  i n  t h e  a rea  
around Venus c a r r i e d  out  i n  1962 by Mariner 2 [299]. These measurements have 
shown t h a t  a t  a d i s t ance  of 41,000 km from Venus, t h e  magnetic f i e l d  of Venus 
does not  d i f f e r  from t h e  in t e rp l ane ta ry  (< 10 y)*. An appra i sa l  o f  t h e  f i e l d  
near  t h e  su r face  of t h e  p l ane t  depends upon t h e  form of the  magneto-sphere 
of Venus. Such an appra i sa l  f o r  var ious forms, c a r r i e d  out  by S p r e i t e r  and 
Jones [307], Lees [215] ,  Smith and o the r s  [299], and S p r e i t e r  [308], lead t o  
t h e  magnetic d ipole  moment of  Venus from 1 / 2  t o  1/30 of  t h a t  of t h e  e a r t h  with 
t h e  most probable va lue  near  1/20. 

/21 

In  summarizing t h e  above, it may be  s t a t e d  t h a t  Venus 5s  a type of p l ane t  
with a nontransparent  atmosphere, and the re fo re  only t h e  upper l aye r s  of i t s  
gaseous-aerosol cloud a r e  access ib l e  t o  o p t i c a l  i n v e s t i g a t i o n .  The comDosition 
of and t h e  condi t ions  e x i s t i n g  i n  t h e  lower l e v e l  and on t h e  su r face  a r e  t h e  
sub jec t s  of d ive r se  hypotheses.  O f  t he  numerous supposi t ions concerning t h i s  
problem, expressed a t  var ious  t imes and by var ious  authors, we note  t h e  
following th ree :  

1. Conditions e x i s t  analogous t o  those  t h a t  took p l ace  on t h e  e a r t h  i n  
t h e  carboniferous per iod ,  i . e .  an all-encompassing warm and damp c l imate  with 
an abundance o f  moisture ,  and a cons tan t ly  d u l l  sky. The organic  world i s  
approximately a t  t h a t  s t a t e  of  development which took p l ace  on t h e  e a r t h  a t  
t h e  end of t h e  paleozoic  e r a .  Such a poin t  of view was widespread a t  t he  end 
o f  t h e  l a s t  and a t  t h e  beginning of  t h e  present  century when i t  was assumed 
t h a t  t h e  cloud cover of  t h e  atmosphere of Venus cons is ted  of condensed water ,  

2 .  Conditions ex i s t  r e f l e c t i n g  t h e  presence o f  an absolu te ly  water less  
This po in t  o f  view arose  i n  connection with r e s u l t s  of contemporary d e s e r t .  

spectroscopic  i ,nves t iga t ions .  This is  usua l ly  connected with t h e  organogenic 
theory of t h e  de r iva t ion  of oxygen of  t he  e a r t h  atmosphere: t h e  complete 
lack of water was an obs t ac l e  t o  t h e  development of vege ta t ion ,  and t h e  lack 
of  t he  l a t t e r  was t h e  reason why the  atmosphere of Venus preserved i t s  i n i t i a l  
carbon-nitrogen composition. 

3 .  There e x i s t s  an unbroken ocean completely covering t h e  whole su r face  
of t h e  p l ane t .  This hypothesis  was advanced i n  connection with the  f a c t  t h a t  
i n t e r a c t i o n  between carbon dioxide and rocks of  t he  su r face  would have l ed  t o  
var ious chemical r eac t ions ,  t o  t h e  absorpt ion of carbon dioxide by the  su r face  
and t o  t h e  formation o f  rocks of carbonaceous composition. In  t h e  opinion of 
t h e  authors  of t h i s  hypothesis ,  t h e  th ickness  of  t he  water isol .a t ing t h e  
sur face  from the  atmosphere promotes t h e  preserva t ion  of t h e  composition of 
t h e  l a t t e r  from change. 

The sharp con t r ad ic t ion  of t he  po in t s  of view c i t e d  may serve  as an 
i l l u s t r a t i o n  of  t h e  s c a r c i t y  of da t a  obtained through o p t i c a l  observat ions 
concerning Verxls. 

.... . . ..... . . . . . .  . . . . .  . . . .  . . .  . . . . . . . . .  . . . . . .  . . . . . . . . . . . .  . .  . . . . . . . . .  - - - __ 
* 1 y = oers ted .  
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CHAPTER 11 

THEORETICAL PREMISES OF RADIOPHYSICAL 
I N V E S T I G A T I O N S  OF VENUS 

For convenience, i n  paragk’aph 11.1 below t h e r e  i s  presented some i n f o n a -  
t i o n  concerning r ad io  astronomy, mainly touching upon terminology, a d e f i n i t i o n  
o f  t h e  r e l a t i o n s h i p  between b a s i c  parameters which cha rac t e r i ze  t h e  observed 
r a d i o  emissions o f  t h e  p l a n e t ,  and t h e  mechanism of thermal r a d i o  emission. 

/ 2 2  - 

Some information from rada r  astronomy i s  a l s o  presented i n  paragraph 11.3. 

Readers f a m i l i a r  with r ad io  and r ada r  astronomy may pass over t h e s e  sec- 
t i o n s .  

1 .  Some information concerning radio astronomy 

Radio astronomy is t h a t  branch of astronomy which is  involved i n  the  study 
of d ive r se  cosmic ob jec t s  through t h e  ana lys i s  of t h e i r  c h a r a c t e r i s t i c  r ad ia -  
t i o n  i n  t h e  r a d i o  wave range. 

Radio emanations from t h e s e  ob jec t s  c r e a t e  on t h e  e a r t h  an electromag- 
n e t i c  f i e l d ,  t h e  dens i ty  o f  f l u x  energy which i s  given by 

S = sj  I ( v ,  0) dv dQ. (11. I) 

Here I i s  t h e  energy f l u x  r a d i a t i n g  from a s o l i d  angle element dn of t he  ob jec t  
i nves t iga t ed  i n  t h e  frequency i n t e r v a l  dv, which is  passing i n  a u n i t  of time 
through a u n i t  a r ea  i n  t h e  d i r e c t i o n  noma1 t o  t h i s  a r ea .  Thus t h e  defined 
quan t i ty  I i s  the  b r igh tness .  The I dependence on frequency de f ines  t h e  
frequency spectrum, and on d i r e c t i o n  i n  space de f ines  the  angular spectrum of 
r a d i a t i o n .  

Inves t iga t ions  of t he  i n t e n s i t y  o f  r a d i a t i o n ,  i t s  frequency i n  angular 
s p e c t r a  and p o l a r i z a t i o n ,  i t s  changes i n  time and i n  connection with var ious 
types o f  o p t i c a l  phenomena a r e  t h e  b a s i c  sources of information i n  r a d i o  
astronomy concerning the  n a t u r e  o f  cosmic o b j e c t s .  

For a q u a n t i t a t i v e  c h a r a c t e r i s t i c  of t h e  i n t e n s i t y  of r a d i a t i o n  o f  
cosmic o b j e c t s ,  b r igh tness ,  f l u x  dens i ty  and b r igh tness  temperature a r e  used. 

We defined the  meaning o f  b r igh tness  I above. 
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Flux dens i ty  S,  which i s  def ined i n  accordance with (11. 1 ) ,  cha rac t e r i zes  
t h e  t o t a l  energy which is  being emit ted from a source of r a d i a t i o n  under i n -  
v e s t i g a t i o n  i n  one band o f  f requencies ,  pass ing  through a u n i t  of space and 
one u n i t  of time and i n  a d i r e c t i o n  normal t o  t h i s  space.  

In t eg ra t ion  ( i n  11.1) takes  p lace  wi th in  t h e  l i m i t s  of t h e  s o l i d  angle  R 
of t h e  source being inves t iga t ed ,  because o u t s i d e  these  l i m i t s  t h e  i n t e g r a l  
i s  equal t o  zero.  

For sources  small  i n  comparison with the  width o f  t h e  d i r e c t i o n a l  p a t t e r n  
3f the  r ad io  te lescopes  (which i s  usua l ly  t h e  case f o r  p l a n e t s ) ,  t h e  
measured quan t i ty  i s  t h e  f l u x  dens i ty  S.  
S a r e  expressed i n  wt*m-2h-1. 

In  a p r a c t i c a l  system, u n i t s  of  

Brightness and f l u x  dens i ty  of  cosmic sources  depend upon frequency. 
However, within t h e  l i m i t s  o f  t h e  p a s s b a d  
considered t o  be cons tan t .  This enables  us t o  cha rac t e r i ze  t h e  i n t e n s i t y  of 
t h e  r a d i a t i o n  o f  b r igh tness  temperature T b '  
of an absolu te ly  b lack  body, having a t  a given frequency and i n  a given d i r ec -  
t i o n  t h e  same b r igh tness  of hea t  r ad ia r ion  as t h e  observed source.  

of t h e  measuring device it may be 

This  i s  def ined  as t h e  temperature 

In  t h e  r ad io  band t h e  connection between b r igh tness  and b r igh tness  tem- 
pe ra tu re  i s  def ined by t h e  r e l a t i o n s h i p  

2kT 
I = + ,  ( 1 1 . 2 )  

where k i s  B.oltzmann's cons tan t ,  
A i s  t h e  wave length of t h e  received r a d i a t i o n .  

Brightness temperature,  and i n  general  b r igh tness ,  depends upon t h e  co- 
ord ina tes  of t h e  r a d i a t i n g  a rea  Tb = T b 
but ion of t he  i n t e n s i t y  of  t he  r a d i a t i o n  along t h e  source being inves t iga t ed .  

(Q) and a l s o  cha rac t e r i zes  t h e  d i s t r i -  

Flux dens i ty  i s  connected with br ightness  temperature by t h e  fol lowing 
app ar en t re  1 a t  ions h i p  

(11.3) 

b '  
For a source having a t  a l l  po in t s  i d e n t i c a l  b r ightness  temperature T 

(11.4) 

where R i s  t h e  s o l i d  angle  of t h e  source of  r ad ia t ion .  
S 
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/ 24 - For sources with a nonisotropic  b r igh tness  temperature, we u t i l i z e  t h e  
concept of br ightness  temperature,  averaged i n  accordance with i t s  s o l i d  angle 

(11.5) 

In the  case of  Venus we a r e  speaking of the b r igh tness  temperature 
averaged according t o  the  p l ane ta ry  disk T b9. 

expressed i n  absolute  degrees Kelvin. 
Brightness temperature i s  

Flux dens i ty  i s  connected with the  br ightness  temperature, averaged i n  
accordance with t h e  v i s i b l e  d i sk  by the  r e l a t i o n s h i p  

(11.6) 

where Rg i s  t h e  s o l i d  angle of t h e  v i s i b l e  d i s k  of Venus. 

Convenience i n  u t i l i  zing t h e  concept of br ightness  temperature proceeds 
from the  f a c t  t h a t  i n  the case of thermal radiat ion,Tb is  r e l a t e d  by a very 

simple r e l a t i o n s h i p  with the k i n e t i c  temperature of t h e  source T ,  and wi th  a 
s u f f i c i e n t l y  th i ck  r a d i a t i n g  l a y e r  it equals simply T. 

I n t e n s i t y  cha rac t e r i zes  t h e  t o t a l  f l u x ,  which i s  being r a d i a t e d  by t h e  
source i n  two r ight-angled p o l a r i z a t i o n s .  
i n v e s t i g a t i o n  i s  not  po la r i zed ,  t h e  energy is d i s t r i b u t e d  equal ly  between t h e  
ind ica t ed  p o l a r i z a t i o n s .  

If t h e  r a d i a t i o n  undergoing 

The l i n e a r l y  po la r i zed  component of the received r a d i a t i o n  is  character-  
i z e d  by t h e  degree of p o l a r i z a t i o n  p and t h e  p o s i t i o n a l  angle '4. 
of p o l a r i z a t i o n  i s  determined by the r e l a t i o n s h i p  

The degree 

where IJ, and IJ, + 

of the e l e c t r i c a l  vec to r  i n  a d i r e c t i o n  corresponding with t h e  p lane  of 
p o l a r i z a t i o n  J ,  and i n  a r i g h t  angle d i r e c t i o n .  
i s  usua l ly  expressed i n  a percentage.  

a r e  t h e  b r igh tnesses  of r a d i a t i o n  with t h e  o r i e n t a t i o n  

The degree of p o l a r i z a t i o n  

The spectrum of r a d i a t i o n  may b e  on the  whole a complex funct ion of 
frequency. 
Iv  = av-n, where n i s  a constant  

r ad ia t ion .  The value n i s  determined by t h e  mechanism of r a d i a t i o n .  

However, wi th in  r e s t r i c t e d  l i m i t s  it may be descr ibed as a funct ion 
which i s  c a l l e d  t h e  s p e c t r a l  index of 

The power of the  r a d i a t i o n  of a cosmic source i s  a d i r e c t l y  measurable 
q u a n t i t y  by feeding the antenna output t o  the input  of  t h e  radiometer.  
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The i n t e n s i t y  of the s i g n a l  a t  t h e  antenna output i s  conveniently character-  
ized as t h e  equivalent  temperature of t h e  source received by the antenna. For  /25 
b r e v i t y  it i s  usua l ly  c a l l e d  simply the  antenna temperature of t h e  source T 

For a non-polarized source the antenna tempera'iure i s  r e l a t e d  t o  t h e  f l u x  
dens i ty  o f  i t s  r a d i a t i o n  S by the  r e l a t i o n s h i p  

- 
A '  

Here 

(11.8) 

(11.9) 

i s  a c o e f f i c i e n t  taking i n t o  account t h e  commensurability of t h e  angular 
dimensions o f  the  source and the  d i r e c t i o n a l  p a t t e r n  of the antenna, A and F ( R )  
a r e  the  e f f e c t i v e  a rea  o f  the  antenna of the  radiotelescope and a funct ion 
descr ibing i t s  d i r e c t i o n a l  p a t t e r n ,  r e spec t ive ly .  

I n  t h e  c a l c u l a t i o n  of  g during p l ane ta ry  observations it is  poss ib l e  t o  
obtain a d ive r se  d i s t r i b u t i o n  of radioluminescence. I n  t h i s  connection, and 
i n  agreement with [58],  

1 

1-d,326 (2)" g = -- 
(11.10) 

where @ 

d i r e c t i o n a l  p a t t e r n  of  t h e  antenna a t  t h e  l e v e l  of - 3  db. 

and $A a r e  the angular diameter of the  p l a n e t  and width of the  
P 

The antenna temperature T of the source of r a d i a t i o n  under i n v e s t i g a t i o n  A 
is  measured wi th  t h e  a i d  of a c a l i b r a t i n g  device wi th in  t h e  radiometer,  which 
a l s o  includes s p e c i a l  n o i s e  generators  [58]. 

The planetary br ightness  temperature T averaged i n  accordance with the b '  
v i s i b l e  d isk ,  i s  c a l c u l a t e d ' i n  accordance t o  the  measurement of i t s  antenna 
temperature T from the r e l a t i o n s h i p  A 

- A2 T = - T g  b AR A 
P 

(11.11) 
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However, t h e  determinat ion of t h e  value of  t h e  e f f e c t i v e  area o f  t he  antenna 
of  t h e  rad io te lescope  A, e s p e c i a l l y  f o r  l a rge  rad io te lescopes  with which 
measurements of p lane tary  r a d i a t i o n  are c a r r i e d  ou t ,  p re sen t s  i n  p r a c t i c e  a 
very d i f f i c u l t  problem. In  add i t ion ,  t h e  va1ue.A usua l ly  depends upon the  
pos i t i on  of t h e  rad io te lescope  and does not  remain c o n s t a n t , i n  the  vrocess  
of  observat ion.  For  example, t h e  e f f e c t i v e  a r e a  of  t h e  rad io te lescope  antenna 
a t  t h e  Univers i ty  of  Michigan a t  t h e  wavelength 3.75 c m  decreases  by 18% a t  an 
antenna i n c l i n a t i o n  of h = 50' t o  h = 10" [145]. Inaccuracy i n  t h e  determina- 
t i o n  of A int roduces i n t o  t h e  des i r ed  quan t i ty  Tb a sys temat ic  e r r o r ,  t h e  

value of which usua l ly  reaches approximately 10%. I t  i s  necessary t o  keep 
t h i s  circumstance i n  mind when comparing t h e  d a t a  o f  var ious  observa t ions ,  f o r  
example, f o r  i nves t iga t ions  of  t h e  frequency spectrum. 
son of  var ious measurement d a t a  may be e f f ec t ed  i f  t h e  r a d i a t i o n  i n t e n s i t y  
measurement of a p l ane t  i s  c a r r i e d  out  i n  comparison with t h e  r a d i a t i o n  
i n t e n s i t y  of some o the r  cosmic source,  taken as a s tandard ,  o r  i f  such a 
source i s  used f a r  measurement of  A ,  and t h e  source parameters,  obtained by 
t h e  authors ,  a r e  ind ica t ed .  

A more exact  compari- 

The angular  spectrum of r a d i a t i o n  I (Q) (o r  T ( Q ) )  cha rac t e r i zes  the  

d i s t r i b u t i o n  of radioluminescence along t h e  source undergoing inves t iga t ion .  
To r e a l i z e  t h i s  it i s  necessary t o  have an antenna system having a d i r e c t i o n a l  
p a t t e r n  width much l e s s  than t h e  angular  dimensions of t he  ob jec t  undergoing 
inves t iga t ion .  The angular  diameter of Venus, even near  t h e  i n f e r i o r  conjunc- 
t i o n ,  cons i s t s  i n  a l l  of only about one minutes, and demands t h e  use of an an- 
tenna with an angular  r e so lu t ion  cons i s t ing  of  a p a r t  of an angular minute. 
In  t h e  u t i l i z a t i o n  of contemporary e a r t h  rad io te lescopes  such a p a t t e r n  has 
thus f a r  no t  been obtained,  even on t h e  s h o r t e s t  mi l l imeter  waves. However, 
t h e  ind ica ted  d i f f i c u l t y  may be avoided through the  app l i ca t ion  of  a rad io in-  
te r fe rometer  antenna system. 

The s imples t  two-element in te r fe rometer  cons i s t s  of two antennas spaced 
a t  d is tance  D, connected with t ransmission l i n e s  and working with one r ece ive r  
(Fig. 11.1) .  

b 

A ho r i zon ta l  wave a r r i v e s  from a direct i .on 
perpendicular  t o  t h e  l i n e  ( c a l l e d  t h e  base  of 
t h e  imterferometer? connecting t h e  phase 
centers  of t h e  spaced antennas.  Due t o  equal  
t ransmission-  l i n e  length,  s i g n a l s  from both 
antennas add i n  phase and t h e  i n t e n s i t y  of  

d i r e c t i o n  of t h e  a r r i v a l  of t h e  s i g n a l  d i f f e r s  
from t h e  normal d i r e c t i o n ,  t h e  sum of t h e  
s i g n a l s  from t h e  two antennas t akes  p l ace  out  
of  phase,  r e s u l t i n g  i n  a lower i n t e n s i t y  of 
t h e  r e s u l t a n t  s i g n a l .  

I 

[--?-- 

t he  s i g n a l  received i s  maximum. If t h e  - /27 
p 

. 

With t h e  motion of  
Figure 1 1 . 1 .  Schematic o f  t h e  source being inves t iga t ed  across  t h e  
Dual-Antenna Radiointer-  sphere  of t he  sky, t h e  d i r e c t i o n  of t h e  
f e rome te r . a r r i v a l  of t h e  s i g n a l  i n  r e l a t ion .  t o  t h e  

base of t h e  in te r fe rometer  cons tan t ly  
changes, and the re fo re  t h e  r e s u l t a n t  s i g n a l  changes i n  accordance with t h e  r u l e  
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where e i s  t h e  angle between t h e  d i r e c t i o n  t o  t h e  source and normal t o  t h e  base 
of the  -interfermometer. In t h e  general  case f o r  the  in t e r f e romete r  wi th  any 
o r i e n t a t i o n  of t h e  base, the angle 0 is  defined from t h e  r e l a t i o n s h i p  

$1 , s i n  e = s i n  6 s i n  6 + cos 6 cos 6 cos (t - b b 

uhere 6 

of t h e  in t e r f e romete r . ,  6 and t are the  i n c l i n a t i o n  and hour angle of t h e  source 
undergoing i n v e s t i g a t i o n .  

and t,, are the  i n c l i n a t i o n  andthe  hour angle of t h e  p o l e  of t h e  base b 

The r e l a t i v e  ( r e fe r r ed  t o  the  constant component) amplitude of the i n t e r -  
ferometer record of  the source F (6) is  c a l l e d  a v i s i b i l i t y  funct ion.  The 
v i s i b i l i t y  funct ion i s  the  normal s p a t i a l  Fourier- t ransformation of the 
radioluminescence Tb (x,y) of the  inves t iga t ed  source i n  the  d i r e c t i o n  x of 

t h e  e f f e c t i v e  base of t h e  in t e r f e romete r .  Fo r  a source having the  shape of 
a d i sk  

(11.12) 

(11.13) 

where D is the  e f f e c t i v e  length of the  base of the  in t e r f e romete r . ,  r is t h e  

angular radius  of the d isk ,  X i s  the wavelength a t  which t h e  measurements a r e  
being made. 

e 

In solving the  problem i n  reverse  on t h e  b a s i s  of  the  measured Fourier-  
d i s t r i b u t i o n  F (@) and with the  a i d  of the  inverse Fourier- t ransformation,  it 
i s  i n  p r i n c i p l e  poss ib l e  t o  f i n d  t h e  ac tua l  d i s t r i b u t i o n  of t h e  radiolumines- 
ence of the  inves t iga t ed  ob jec t  Tb (x ,y) .  However i n  t h i s  operat ion one must 

keep i n  mind the following considerat ions:  

a) The dual-antenna radiointerferometer  i s  a l i n e a r  instrument 
i n v e s t i g a t i n g  only unidimensional d i s t r i b u t i o n s  of radioluminosi ty  i n  t h e  
d i r e c t i o n  of  t h e  e f f e c t i v e  base of t h e  in t e r f e romete r .  
gat ion of two-dimensional d i s t r i b u t i o n s  of  radioluminescence i t  i s  necessary 
t o  carry out measurements a t  d i f f e r e n t  o r i e n t a t i o n s  of the  e f f e c t i v e  base of 
the  

Thus f o r  t h e  i n v e s t i -  - /28 

interferometer  relative t o  t h e  source undergoing i n v e s t i g a t i o n .  

20 



The d i r e c t i o n a l  angle  of t h e  e f f ec t ive  base of t h e  in te r fe rometer  x* i s  
determined by t h e  r e l a t i o n s h i p  

. .  cos E bsin (f - t.b) 
s i n A = -  - 

cos e (11.14) 

I n  t h i s  manner it is  poss ib l e  t o  change t h e  o r i e n t a t i o n  of  t h e  effective base'  
o f  t h e  in te r fe rometer  r e l a t i v e  t o  t h e  source both by changing t h e  o r i e n t a t i o n  
of t h e  in te r fe rometer  i t se l f  (by changing 6b and t,), and by observat ion of 

t h e  source a t  var ious hour angles t. 

b) Since a t  a f ixed  s p a t i a l  frequency B var ious  d i s t r i b u t i o n s  of radio-  
luminescence may correspond t o  t h e  same Fourier-components, t o  l oca t e  the  
t r u e  d i s t r i b u t i o n  o f  radioluminescence it i s  necessary t o  measure the  v i s i -  
b i l i t y  func t ion  F ( 8 )  i n  as  l a rge  a range as  poss ib le  of t he  s p a t i a l  
f requencies  B ,  i . e . ,  a t  var ious  e f f e c t i v e  bases of t he  in te r fe rometer  De.  

changing length.  
The la t te r  are obtained through conducting measurements on t h e  base  of 

The value De i s  def ined by t h e  r e l a t i o n s h i p  

D = D COS e .  (11.15) e 

In  t h i s  manner, and wi th in  t h e  r e s t r i c t e d  l i m i t s ,  changing t h e  length of t h e  
e f f e c t i v e  base  of t h e  
hour angle.  

i n t e r f e romete r  i s  a l s o  poss ib l e  through changing t h e  

I n  connection with t h e  d i f f i c u l t y  i n  loca t ing  t h e  inverse  Four ie r - t rans-  
formations,  usua l ly  d i r e c t  Fourier-  t ransformations a r e  ca l cu la t ed  f o r  var ious 
models of d i s t r i b u t i o n  of radioluminescence and from these  models t h e  Fourier-  
t ransformations c l o s e s t  t o  t h e  exuerimental ly  measured v i s i b i l i t y  func t ion  
of t h e  objec t  under i n v e s t i g a t i o n  are chosen. 

In  conclusion w e  w i l l  s t o p  b r i e f l y  on t h e  mechanism of  thermal r a d i a t i o n ,  
which plays an important r o l e  i n  t h e  i n t e r p r e t a t i o n  o f  r a d i a t i o n  from Venus. 

I n  genera l ,  r a d i a t i o n  of  e lectro-magnet ic  waves i s  connected with 
changes i n  t h e  energy of motion o f  charged p a r t i c l e s .  
condi t ions under which these  changes t a k e  p lace ,  we d i s t i n g u i s h  between 
thermal and non-thermal radiofrequency r ad ia t ion .  
i n  a medium, t h e  p a r t i c l e s  of  which are i n  chaot ic  thermal motion. This 
r a d i a t i o n  i s  descr ibed by t h e  classical laws of  hea t  r a d i a t i o n ,  which are 
d e s c r i p t i v e  of t h e  r a d i a t i o n  of l i g h t  and hea t  from heated bodies .  

Depending upon 

Thermal r a d i a t i o n  arises 

On the  b a s i s  of  t h e  theory of  thermal r ad ia t ion ,  t h e r e  e x i s t s  a connection 
between t h e  c a p a b i l i t y  of  mat te r  t o  r a d i a t e  and absorb electromagnet ic  waves, 
which i s  spec i f i ed  by Kirchoff ' s  Law.  In  the  case of  a body loca ted  i n  

* The angle x is  read  counter-clockwise from the  source hour  circle.  
_ _ _  - ~ . - - - A ._ 
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thermodynamic 
w e l l  known (see f o r  example [ 9 9 ] )  r e l a t i o n s h i p  

equi l ibr ium, t h e  i n t e n s i t y  of r a d i a t i o n  i s  determined by t h e  

I = KB(T), (11.16) 

where K i s  t h e  c o e f f i c i e n t  of absorpt ion and temperature of the  r a d i a t i n g  
medium and B(T) i s  a Planckian funct ion of  r a d i a t i o n  which, i n  the r ad io  
frequency range, becomes a Rayleigh-Jeans func t ion :  

2kT 
h2 . B ( T ) =  - (11.17) 

For an abso lu te ly  black body,-K = 1 and i t s  i n t e n s i t y  of r a d i a t i o n  a t  a 
given temperature i s  maximum. The b r igh tness  temperature of r a d i a t i o n  of an 
absolutely black body i s  equal t o  i t s  temperature T. 
sources are no t  abso lu t e ly  black,  t h e  b r igh tness  temperature of  t h e i r  
thermal r a d i a t i o n  i n  gene ra l  w i l l  be lower than t h e i r  temperature. 

Since real cosmic 

I n  the case of  thermal r a d i a t i o n  every elementary act o f  r a d i a t i o n  i s  
random, but  t h e  f u l l  i n t e n s i t y  of t h e  r a d i a t i o n  is equal t o  t h e  sum of the  
i n t e n s i t i e s  of t h e  s e p a r a t e  r a d i a t o r s .  
no t  i n  thermodynamic balance ( f o r  example, it may c o n s i s t  of e l ec t rons  
speeded up by an e l e c t r i c  f i e l d ) ,  and the r a d i a t i o n  of each e l e c t r o n  i s  not 
connected with t h e  r a d i a t i o n  of o t h e r  e l e c t r o n s ,  such r a d i a t i o n  a l s o  has a 
thermal character .  However i f  t h e  number of r a d i a t o r s  i s  very g r e a t ,  t h e  
i n t e n s i t y  of the  emit ted r a d i a t i o n  is l imi t ed  by t h e  absorption c a p a b i l i t y  of  
t h e  r a d i a t i n g  p a r t i c l e s .  
ana lys i s  of the  i n d i c a t e d  process.  

Therefore even i f  a r a d i a t i n g  medium i s  

A t r a n s f e r  equation of r a d i a t i o n  gives a q u a n t i t a t i v e  

1 d l  = - ~ x l d s $ . / . B ( T ) d s  
o r  

where 

The value 

d l  
ds 
- =--I+B(T)  

d.r = Kds. 

s 

Z, = J xds, 
0 

(11.18) 

(11.19) 

represent ing t h e  o p t i c a l  thickness  o r  the  o p t i c a l  depth of t h e  medium 
cha rac t e r i zes  a t t e n t u a t i o n  of t h e  wave, spreading out from t h e  l aye r  s i t u a t e d  
a t  d i s t ance  s from the  p o i n t  of observation. 

- /30 
We ob ta in  t h e  b r igh tness  of 
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r a d i a t i o n  of a medium with o p t i c a l  th ickness  T ,  observed a t  po in t  0,  through 
i n t e g r a t i n g  (11.18) along t h e  l i n e  of s i g h t .  

. T  
I = .f B (T) e-?dz + Ioe-t ,  

0 
(11.20) 

where I i s  t h e  br ightness  of r ad ia t ion ,  f a l l i n g  upon the  l a y e r  from ou t s ide  

(from t h e  d i r e c t i o n  oppos i te  t he  observer ) ,  

equations (11.2) and (11.17) w e  f i n d  t h a t  t he  b r igh tness  temperature of 
thermal r ad ia t ion  of t h e  medium i s  equal t o  

0 
If Io  = 0 o r  T >> 1, from 

(11.21) 

In  p a r t i c u l a r ,  i f  T(T) = T = const ,  i . e . ,  t h e  medium i s  i s o t h e m i c ,  then  

T = T(l  -ee-'). 
b 

An o p t i c a l l y  th i ck  medium, f o r  which T > >  1, has maximum br ightness  
temperature Tb = T, independent of T ;  such a medium may be considered t o  b e  
absolu te ly  black. On t h e  cont ra ry ,  i f  T << 1, then Tb E TT. Such a medium 

is considered t o  be  o p t i c a l l y  t h i n ;  i t s  br ightness  temperature is propor t iona l  
t o  i t s  o p t i c a l  th ickness .  
l i n e ,  t he  b a s i c  p a r t  of t h e  r a d i a t i o n  of an o p t i c a l l y  t h i c k  medium proceeds 
from t h e  l aye r ,  f o r  which T E 1. 

If t h e  temperature o f  t h e  medium changes along t h e  

Thus the  i n t e n s i t y  of thermal o r  radiowave r a d i a t i o n  depends upon t h e  
o p t i c a l  thickness  of  t h e  r a d i a t i n g  medium. Depending upon phys ica l  processes  
wi th in  the  medium, the amount of absorpt ion and i t s  dependence on wavelength 
a r e  d is t inguishable .  

F o r  p l ane t s  having an atmosphere and poss ib ly  an ionosphere one may 
expect t h e  presence of thermal r ad ia t ion  o f  t he  s u r f a c e  and o f  t h e  layers  
mentioned. 
absorpt ion i n  t h e  ind ica ted  mediums. 

Therefore w e  w i l l  dwell b r i e f l y  on t h e  mechanism of  r ad ia t ion  and 

The ionosphere,  on the  whole, i s  a neu t r a l  gas - l ike  medium, a p a r t  o f  
t he  atoms of which a r e  ion ized .  Elec t rons ,  t o rn  from atoms i n  connection with 
t h e i r  chaot ic  thermal motion under t h e  inf luence  of  a Coulomb f i e l d  of 
p o s i t i v e  ions ,  change d i r e c t i o n  and v e l o c i t y  which leads  t o i r r a d i a t i o n  of  
e lectromagnet ic  waves. On t h e  o t h e r  hand, e lectromagnet ic  waves d i s t r i b u t e d  
within the  plasma spend p a r t  of t h e i r  energy on o s c i l l a t i o n  of  e l ec t rons .  
Due t o  c o l l i s i o n  of t h e  l a t e r  with ions ,  t h e  energy of t h e  e.lectromagnetic 
waves i s  transformed p a r t i a l l y  i n t o  thermal motion. 

The c o e f f i c i e n t  of absorpt ion i n  an ion ized  gas may be presented i n  
genera l  form by t h e  r e l a t i o n s h i p  

23 



(11.23) 

where N i s  t h e  e l e c t r o n  concent ra t ion ,  u is t h e  frequency of  c o l l i s i o n s ,  w i s  
t h e  c i r c u l a r  frequency of t h e  rece ived  r ad ia t ion .  

u 2  << u2, bu t  t h e  frequency of c o l l i s i o n s  i s  determined by c o l l i s i o n s  with 
ions  

In t h e  ionosphere usua l ly  

vei = 6.1 . 103 ( - yeo )3'2 N i ,  (11.24) 

where T i s  t h e  k i n e t i c  temperature  o f  t h e  e l ec t rons .  S u b s t i t u t i n g  (11.23) 

and (11.24) i n  (11.19), and consider ing t h a t  i n  t h e  ionosphere N = N 

t h a t  t h e  o p t i c a l  th ickness  of such an ion ized  gas 

e 
w e  f i n d  i' 

(11.25) 

i . e . ,  grows i n  propor t ion  to . . the  square of  t h e  wavelength. 
T ( A )  leads t o  a d e f i n i t e  form of curved dependence of  b r igh tness  temperature 
on wavelength. Comparing (11.22) and (11.25) it i s  e a s i l y  noted t h a t  on su f -  
f i c i e n t l y  sho r t  waves, while T << 1, t h e  br ightness  temperature must increase  
i n  proport ion t o  t h e  square of  t h e  wavelength. With even f u r t h e r  increase  i n  

comes g r e a t e s t ,  but  independent of  wavelength. A t y p i c a l  graph of changes i n  
T as a funct ion of X i s  presented i n  Figure 1 1 . 2 .  

This dependence 

A ,  

b 

t h e  medium becomes o p t i c a l l y  th i ck  ( T  << 1) and b r igh tness  temperature be- 

units E 
*b 

Figure 11 .2 .  T h e  Dis t r ibu t ion  o f  
Bri gh  tness  Temperature o f  Thermal 
Rad i w a v e  Rad i a t  i on. 

The mechanism of absorpt ion /32 - and r a d i a t i o n  r e f e r r e d  t o  above 
does no t  t ake  p lace  when a l l  of t he  
atoms of a gas a r e  neu t r a l  and lack 
f r e e  e l e c t r o n s .  However, another  
mechanism is  poss ib l e  i n  which t h e  
gas may absorb r a d i a t i o n  d i f fus ing  
wi th in  i t ,  and i n  accordance with 
Kirchhoff ' s  Law the  gas i t s e l f  may 
r a d i a t e .  This mechanism cons i s t s  
o f  t h e  e x c i t a t i o n  of t h e  bound 
charges i n  non-symmetrical molecules 
by a pass ing  electromagnet ic  wave. 
These molecules have a magnetic 
o r  e l e c t r i c  d ipole  moment with 
subsequent t r a n s f e r  o f  t he  energy 
of o s c i l l a t i o n s  o f  t hese  charges 
i n t o  h e a t ,  under t h e  inf luence 
of c o l l i s i o n s  with o ther  

-==- 
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atoms o r  molecules. 

The absorpt ion of such gases  has a resonant  charac te r .  O f  t h e  most wi.de- 
spread  molecules wi th in  t h e  range of t h e  wavelength u t i l i z e d  by r ad io  astronomy, 
water vapor (H20) and oxygen (02) have in t ens ive  l i n e s  of absorp t ion  corres-  

ponding t o  wavelength 1.35 and 0.5 cm. There are a l s o  many l i nes  of absorpt ion 
o f  water vapor i n  t h e  m i l l i m e t e r  wavelength range. 

For waves longer than 5 mm t h e  c o e f f i c i e n t  of absorpt ion i n  water vapor 
may be  s t a t e d  by t h e  expression [89] 

(11.26) 

The first element h e r e  is  determined by t h e  resonant  absorpt ion on X = 
= 1.35 an, and the  second by t h e  cont r ibu t ion  of a l l  resonances on t h e  h ighes t  
f requencies .  The cons tan ts  S and S '  a r e  determined by t h e  parameters of t h e  
molecule, N i s  determined by t h e  whole number o f  molecules i n  1 cm3 of gas ,  
e i s  determined by t h e  number of molecules H 0,  and T i s  determined by t h e  
temperature of the  gas .  2 

Under normal condi t ions the  l i n e s  of absorpt ion a r e  r e l a t i v e l y  sharp  and 
the  value of absorpt ion decreases  r ap id ly  with d is tance  from resonance. 
However, with an inc rease  i n  gas dens i ty  the  l i n e s  of absorpt ion broaden. 
In  heavi ly  compressed mediums the  l i n e s  may fuse .  

Absorption i n  gases ,  which under normal condi t ions a r e  t r anspa ren t  f o r  
radiowave r a d i a t i o n ,  may t ake  p l ace  a t  r a i s e d  pressures .  
is  the  deformation of t he  molecules during c o l l i s i o n s  which causes f o r  a 
s h o r t  t i m e  asymmetry of t h e  molecule, and a d ipo le  moment which causes non- 
resonant  absorpt ion o f  u l t r a h i g h  frequencies .  The c o e f f i c i e n t  of such 
absorpt ion,  termed induced absorp t ion ,  i s  propor t iona l  t o  t h e  square  of t h e  
p re s su re  p and t o  the  square  of  t h e  frequency v and i s  determined by t h e  
r e l a t i o n s h i p  

The reason f o r  t h i s  

p2v2 
% = x u - .  

Tm (11.27) 

The exponent m amounts t o  approximately 3.5 t o  4 .5 .  - /33 

The theory of thermal radiowave r a d i a t i o n  of  t h e  su r face  o f  t h e  p l ane t  
w i l l  be  examined i n  5 1 1 . 2 .  

2. T h e  Theory of  Radiowave Radiation o f  a P lane t  w i t h  a Radiation-Absorbent 
Atmosphere 

For an i n t e r p r e t a t i o n  of t h e  r e s u l t s  of r ad io  astronomic invek t iga t ions ,  
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it i s  necessary t o  e s t a b l i s h  a connection between measured values  and t h e  
phys ica l  parameters of  both t h e  su r face  and t h e  atmosphere o f  Venus, which 
inf luencc  t h e  cha rac t e r  of i t s  r ad ia t ion .  Among these  parameters are t h e  
temperature and r a d i a t i n g  c a p a b i l i t y  of t h e  su r face ,  and a l s o  t h e  temperature 
and absorpt ion i n  the  atmosphere [59J. 

In  connection with t h e  fact  t h a t  t he  overwhelming major i ty  of contemporary 
rad io te lescopes  s t i l l  do not  have the  reso lv ing  power s u f f i c i e n t  t o  i s o l a t e  
p a r t s  smal le r  than the  Venus d i s k ,  t h e  b r igh tness  temperature averaged i n  
accordance with the  v i s i b l e  d isk  of t h e  p l ane t  Tbp is t h e  usua l  measured 

quan t i ty .  
t he  averaged br ightness  temperature and t h e  2 l ane ta ry  parameters mentioned. 

In t h i s  connection i t  i s  necessary t o  f i n d  the  r e l a t i o n s h i p  between 

For a p l ane t  devoid of atmosphere a similar problem was s e t  and solved 
by V.S. T ro i t sk iy  [90,92]. Heiles and Drake E1821 a l s o  examined t h e  case of 
Venus, devoid of  an atmosphere. 

However Venus, as i s  w e l l  known, i s  surrounded by an atmosphere which may 
prove t o  be  absorbent and t h e r e f o r e  a l s o  r a d i a n t  w i th in  t h e  r ad io  frequency 
band. Besides th i s ,  t he re  may s t i l l  b e  some kind o f  r a d i a t i o n  absorbent l a y e r  
above t h e  su r face  of t h e  p l ane t .  Therefore i t  i s  worth-while t o  examine both 
t h e  r ad ia t ion  of t he  su r face  of the  p l ane t  i t se l f  and t h e  inf luence  on i t  of 
t h e  absorbent mediums mentioned. 

Barrett [lo61 examined a similar problem only f o r  t h e  p a r t i c u l a r  case of  
molecular absorpt ion i n  H20  and CO 

d i s t r i b u t i o n  of absorbent matter. 

i n  connection wi th  t h e  exponent ia l  2 

We w i l l  s o lve  i n  general  form t h e  problem of determining r a d i a t i o n  of 
an elementary area on t h e  d isk  of a p l a n e t  with atmosphere. 

The br ightness  temperature of r a d i a t i o n  of  an element of t h e  sur face  is. 
[go1 

T = T ( 1  - R ) .  (11.28) b e0 

Here R i s  the  coef f ic ien t  of r e f l e c t i o n  of  t h e  examined element i n  t h e  
d i r e c t i o n  of t h e  observer ,  and 

CQ 

T,, = 1 T (y) x (y) sec dY* 
0 

/34 where T(y) and K(Y)  a r e  t h e  t r u e  temperature and c o e f f i c i e n t  of absorpt ion 
of p lane tary  mat te r  a t  depth y ,  e '  i s  t h e  angle between the  d i r e c t i o n  of t he  
r ad ia t ion ,  proceeding from ins ide ,  and t h e  normal of t h e  output  su r face .  The 
atmosphere i n  a general  case weakens t h e  r a d i a t i o n  of t he  su r face  and moreover 
r ad ia t e s  i t s e l f .  A l aye r  of atmosphere o f  th ickness  ds i n  t h e  l i n e  of s i g h t ,  
ind located over an element of t h e  sur face  being inves t iga t ed ,  has absorpt ion 
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K ( s , X )  d s .  The t o t a l  o p t i c a l  thickne‘ss o f  t h e  atmosphere i s  

a3 

T (a) = 6 2 (A, S) d ~ .  

m e r e f o r e  t h e  br ightness  temperature of t h e  combined r a d i a t i o n  of 
element and of the. atmosphere i n  t h e  l i n e  of  s i g h t  over t he  element w i l l  
equal : 

a sur face  

(11.29) 

The parameters R ,  -r(X), Ta(s) and K ( X , S ) ,  which e n t e r  i n t o  t h i s  formula 

i n  a genera l  case depend upon t h e  p o s i t i o n  of  an element o f  t h e  su r face  
r e l a t i v e  t o  the  observer.  Experimentally observed phase va r i a t ions  of b r i g h t -  
ness  temperature po in t s  ou t  a l s o  t h a t  at  l e a s t  some of t h e  observed parameters 
depend a l s o  on i l l umina t ion  of t h e  sun and t h e r e f o r e  on t h e  pos i t i on  of t h e  
r a d i a t i n g  element r e l a t i v e  t o  t h e  sun. 
atmosphere Ta(s) and t h e  absorpt ion i n  i t  a re  a l so  funct ions of t h e  a l t i t u d e  
above t h e  su r face  of t h e  p l a n e t .  

The temperature of t h e  absorbent 

As a f i rs t  approach, l e t  us assume t h a t  t h e  phase v a r i a t i o n s  of t h e  
br ightness  temperature,  averaged i n  accordance with t h e  v i s i b l e  d i sk  of Venus, 
i s  determined only by d i f f e rences  i n  t h e  e f f e c t i v e  temperatures of  t h e  su r face  

TeO o e0 a 
K ( s )  and K ( s )  of  t h e  i l lumina ted  and non-il luminated p a r t s  of t h e  

p l a n e t  i n  the  changing r e l a t i o n s h i p  between these  two p a r t s  on t h e  v i s i b l e  
d isk .  
of each o f  t h e s e  p a r t s .  

and T 

o 

and t h e  parameters of t he  atmosphere - r 0 ,  T ~ ,  Tao ( s )  , 

Within l i m i t s ,  we w i l l  consider  cons tan t  a l l  of  t h e  ind ica t ed  parameters 

Then, a t  t h e  upper and lower conjunct ions,  when t h e  i l lumina ted  s i d e  o r  
t he  non-il luminated s i d e  of t he  p l a n e t  i s  re spec t iue ly  f u l i y  turned toward the  
e a r t h ,  w e  may consider  T T ( S )  , T ( s )  and K ( s )  independent of  t h e  pos i t i on  

of t h e  element on the  su r face  of t he  p l ane t  r e l a t i v e  t o  t h e  sun. 
eo’ a 

F o r  an examination of t h e  dependence of Tb on t h e  pos i t i on  o f  t h e  

r a d i a t i n g  element r e l a t ive  t o  t h e  observer ,  i t  is  convenient t o  u t i l i z e  the  
p o l a r  system o f  coordinates  a, y, where a i s  t h e  d i s t ance  o f  t h e  element from 
t h e  center  of t he  d isk ,  expressed i n  f r a c t i o n s  of t he  r ad ius  of a d i s k ,  and y 
is t h e  angle a t  the  cen te r  0-f t h e  d i sk  between t h e  d i r e c t i o n  of t h e  o r i g i n  of 

o f  t h e  ca l cu la t ion  w e  s h a l l  t a k e  a d i r e c t i o n  corresponding with the  p o l a r i -  
za t ion  of the  rece iv ing  system. Dependence of  t h e  c o e f f i c i e n t  o f  r e f l e c t i o n  
on t h e  coordinates  of t h e  r a d i a t i n g  element i s  descr ibed by t h e  r e l a t ionsh ip  

t h e  ca l cu la t ion  and t h e  d i r e c t i o n  t o  t h e  r a d i a t i n g  element. As t h e  o r i g i n  /35 

[ I  - R(a, y)l = (1 - Rv)cos2y 4- (1 - I?; sin”:,, (11.30)  
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where Rv and % are t h e  c o e f f i c i e n t s  of r e f l e c t i o n  f o r  v e r t i c a l  and ho r i zon ta l  

p o l a r i z a t i o n .  For a smooth ( i n  comparison with wavelength) su r face  the  
c o e f f i c i e n t s  of r e f l e c t i o n  are determined by the  w e l l  known formula of 
Frenel : 

(11.31) 

where E i s  the d i e l e c t r i c  P e r J E a t i v i t y  of the  m a t e r i a l  of the surface.  Taking 
i n t o  considerat ion t h a t  a = s i n  0 and by carrying out elementary transforma- 
t ions  , w e  obtain t h e  following r e l a t i o n s h i p s  f o r  t h e  r a d i a t i o n  c a p a b i l i t y  i n  
v e r t i c a l  and h o r i z o n t a l  p o l a r i z a t i o n s  : 

(11.32) 

The thickness of an elementary absorbent l aye r  i n  t h e  d i r e c t i o n  of t h e  l i n e  
of s i g h t  i s  

from which 

(11.33) 

(11.34) 

Through the c a l c u l a t i o n  above, the  b r igh tness  temperature of an element of 
the su r face  with coordinates a, y may be expressed i n  t h e  form 

701) 
Vi=Z 

__ sin2y e + 4 V (  1 - u2) (E - $7 
( f l -  az+ VE- a”*- I -- + - -  - (11 .35)  
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I t  was pointed out  e a r l i e r  t h a t ,  upon.recept ion by an antenna with a /36 
broad d i r e c t i o n a l  p a t t e r n  i n  comparison t o  t h e  angular  dimensions of  t h e  
p l ane t ,  t h e  br ightness  temperature averaged i n  accordance with t h e  v i s u a l  d i sk  
of t he  p lane t  i s  t h e  measured quan t i ty  

(I I. 36) 

where s2 is the  s o l i d  angle of  t h e  p lane t .  
P 

In  t h e  chosen system o f  coordinates  the  element of t h e  s o l i d  angle i s  

n 
d 8  = -;;Padady. (11.37) 

Having s u b s t i t u t e d  (11.35) and (11.37) i n  (11.36), and car ry ing  out  a series 
of t ransformations , w e  ob ta in  

Tb(h) = T ,  (A) + T2 (a). (11.38) 

Here ( A )  and r ( A )  are t h e  components of  br ightness  temperature,  averaged 

i n  accordance with t h e  v i s u a l  d i sk ,  r e s u l t i n g  from r a d i a t i o n  o f  t h e  su r face  
and of the  atmosphere of  t h e  p l a n e t ,  r e spec t ive ly .  

1 2 

The quan t i ty  T ( A )  depends upon the  temperature and the  e l e c t r i c a l  1 
c h a r a c t e r i s t i c s  of t h e  sur face  and on t h e  t o t a l  absorpt ion within t h e  atmos- 
phere 

(11.39) 

where 

The quan t i ty  I [ - c ( A ) ,  E] i s  i n  f a c t  t he  r a d i a t i o n  c a p a b i l i t y  of t h e  1 
p lane t  averaged i n  accordance with t h e  v i s u a l  d i sk .  Numerical values f o r  t h e  
d i f f e r e n t  parameters T and E ,  computed on t h e  ca l cu la t ing  machine, a r e  
presented i n  Table 2 of  t h e  Appendix. Figure 11.3 is a graph of  t h e  funct ion 
of I , [ O ,  E]  f o r  t he  case T = 0 ,  i . e . ,  forwaves f o r  which atmospheric absorp- 
t i o n  does not t ake  p l ace .  
t h e  r ad ia t ing  c a p a b i l i t y  of  t h e  d i sk  normal t o  t h e  l i n e  of s i g h t .  

On t h i s  diagram i s  shown t h e  dependence on E of 
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E 

Figure 11.3.  Dependence of the Radiation 
Capabili ty of  a Planet w i t h  a Transparent 
Atmosphere on t h e  D i e l e c t r i c  Constant E 

o f  t h e  Material of t h e  Surface. 
a)  averaged i n  accordance w i t h  the visual 
d i sk ;  b )  f o r  a normal s lope.  

The r e l a t i o n s h i p  (11.39) 
determining t h e  r a d i a t i o n  of 
the  su r face  of a p l a n e t  w a s  
obtained f o r  a case when t h e  
r a d i a t i n g  l aye r  was isothermic,  
when i n  a c t u a l  f a c t  on the  
su r face  of the  p l a n e t  t h e r e  may 
be areas  with a d i f f e r e n t  
temperature. In  introducing - /37 
t h e  concept of t r u e  tempera- 
t u r e  averaged i n  accordance 
wi th  the  v i s u a l  disk 

(11.41) 

we may, f o r  t h e  small  q u a n t i t i e s  
E which i n t e r e s t  us, with 
s u f f i c i e n t  accuracy gene ra l i ze  

(11.39)  i n  the case of any d i s t r i b u t i o n  of temperature 

The component of br ightness  temperature T2 ( I )  , r e s u l t i n g  from r a d i a t i o n  

of the  atmosphere, depends upon temperature and absorption i n  t h e  atmosphere 
and the d i s t r i b u t i o n  of these  parameters according t o  a l t i t u d e  : 

For f u r t h e r  ca l cu la t ions  we w i l l  make seve ra l  assumptions concerning 
these parameters. 

The d i s t r i b u t i o n  of temperature i n  the atmosphere of Venus i s  taken as 
a piecewise l i n e a r  temperature gradient  B 1 from t h e  su r face  t o  the  upper - /38 
l i m i t s  o f  the cloud l aye r  and B 2  above the  cloud layer ,  i . e . ,  

(11.44) 

In a p a r t i c u l a r  case when B 2  = 0 the  region above t h e  cloud l a y e r  i s  
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i so thermic  with temperature Ta = Tcl. 

absorbent l aye r ,  t h e  following p a r t i c u l a r  cases o f  d i s t r i b u t i o n  of absorpt ion 
according t o  a l t i t u d e  are o f  i n t e r e s t :  

Depending upon the  na ture  of t h e  

a) t h e  e n t i r e  thickness  of  t h e  atmosphere is  absorbent ;  t h e  d i s t r i b u t i o n  
of absorpt ion is  exponent ia l ;  

b )  t h e  l aye r  included between h and h i s  absorbent;  t h e  absorpt ion i n  1 2 t h i s  l aye r  i s  cons tan t ;  

c) t h e  l aye r  included between h and h i s  absorbent;  t h e  d i s t r i b u t i o n  of 1 2 
absorpt ion i n  t h i s  l aye r  i s  parabol ic .  We s h a l l  examine these  cases. 

Case a. The whole th ickness  of the  atmosphere is  absorbent,  and the  
d i s t r i b u t i o n  o f  absorpt ion i s  exponential  

(11.45) 

where K ( A )  is t h e  absorpt ion a t  t he  l e v e l  h = 0 ,  H is  the  a l t i t u d e  of t h e  

uniform atmosphere. For  t he  e a r t h ,  t h i s  case corresponds t o  molecular 
absorpt ion wi th in  t h e  atmosphere. 

0 

In  connection wi th  t h e  small cont r ibu t ion  of t h a t  p a r t  of t h e  atmosphere 
above t h e  clouds we w i l l  assume,in order  t o  s impl i fy  c a l c u l a t i o n s , t h a t  B = 0. 2 
Subs t i t u t ing  (11.45) and (11.46) i n  (11.43) and car ry ing  out a s e r i e s  of 
t ransformat ions ,  w e  ob ta in  

(11.46) 

where 

D, (T) = e-'(1 - T) - 7') Ei (- T), 

E i  is  an exponent ia l  i n t e g r a l  func t ion ;  

(11.47) 

The funct ions D (T)  and 1 2 ( ~ ,  b) a r e  shown i n  Tables 3 and 4 of  t he  Appendix. 

The computation I (T ,  b) was c a r r i e d  out  on a ca l cu la t ing  machine. 
1 

2 
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The r e s u l t a n t  b r igh tness  temperature , averaged i n  accordance with t h e  
v i s u a l  d i sk  of the  p l a n e t ,  f o r  a smooth s u r f a c e  i n  t h i s  case equals 

Case b. The l aye r  of f i n i t e  thickness i s  absorbent.  The absorption is /39 - 
constant according t o  a l t i t u d e .  

Assuming a l s o  

(11.49) 

where T and T a r e  the  temperatures of t h e  atmosphere a t  t h e  lower and a t  

the  upper Boundaries of t h e  layer ,  
1 2 

1 

3 
D, (T) = - [2 - e-'(2 - t + T*) - T~ Ei (- T)] . 

Functions D2(.r)  a r e  shown i n  Table 3 o f  t h e  Appendix. 

of absorption i s  pa rabo l i c  
Case c. The l aye r  of  f i n i t e  thickness  is absorbent. The d i s t r i b u t i o n  

where hm i s  the a l t i t u d e  of maximum absorption, K~ ( A )  i s  t h e  absorption a t  

a l t i t u d e  hm, Ah 

absorption decreases t o  zero. Under e a r t h  conditions t h i s  case corresponds 
t o  absorption within t h e  cloud l a y e r  or  within the ionosphere. Designating 

is the thickness  of the  l aye r  a t  the l e v e l  a t  which the  0 

h- hm 
2 - = y and carrying out a s e r i e s  of t ransformations,  we obtain 

Ah0 
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where 

z = 7 x ( h ) d h  = - 2 xoAh,. 
3 0 

(I I. 50) 

(11.51) 

(11.52) 

Here Tm i s  t h e  temperature of t h e  l aye r  a t  t h e  l eve l  of m a x i m u m  absorption. - /40 

f3Ah ) have a l s o  been computed on a c a l c u l a t i n g  The funct ions I g ( ~ ,  Tm, 

machine and are shown i n  Table 5 of t h e  Appendix. 
0 

The r e l a t i o n s h i p s  shown above may be u t i l i z e d  f o r  t h e  i n t e r p r e t a t i o n  o f  
t h e  r e s u l t s  o f  measurements o f  Venus with radiotelescopes incapable of 
resolving d e t a i l s  of t he  d i s t r i b u t i o n  of b r igh tness  temperature,  and measuring 
only br ightness  temperature averaged i n  accordance with t h e  v i s u a l  disk of 
t h e  p l ane t .  A s  i nd ica t ed  e a r l i e r ,  an inc rease  i n  the  resolving c a p a b i l i t y ,  
necessary f o r  t he  i n v e s t i g a t i o n  of t h e  d i s t r i b u t i o n  of radiobrightness  along 
the  Venus d i sk ,  may be achieved through t h e  u t i l i z a t i o n  of a r a d i o i n t e r f e r o -  
meter.  In  r ad io in t e r f e romete r  i n v e s t i g a t i o n s ,  a measured q u a n t i t y  cha rac t e r -  
i z ing  t h e  d i s t r i b u t i o n  of radiobrightness  i s  a v i s i b i l i t y  funct ion F ( 6 ) .  We 
w i l l  examine the  r e l a t i o n s h i p  between the  v i s i b i l i t y  funct ion and the  physical  
parameters of t h e  p l a n e t .  We w i l l  perform t h i s  examination without calcu-  
l a t i o n  of absorpt ion i n  t h e  atmosphere of Venus, assuming t h a t  the  measure- 
ments are c a r r i e d  out through t h e  window o f  transparency. 

In t e r f e romet r i c  v i s i b i l i t y  funct ions of a . source  having t h e  form of 
a d i s k  are defined i n  general  form by t h e  r e l a t i o n s h i p  

(11.12) 

where Tb (x, y)  is the  d i s t r i b u t i o n  of b r igh tness  temperature along the  d i sk .  
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The va lue  o f  t h e  parameter f3 was c l a r i f i e d  above on page 20. 

For an equal ly  b r i g h t  d i sk  

(11.53) 

where J1 and A are Bessel func t ions .  

funct ion i s  well  known [18] and i t s  ca l cu la t ion  i s  c a r r i e d  out  with t h e  a i d  
o f  genera l ly  ava i l ab le  t a b l e s  (see f o r  example [ loo ] ,  it would seem 
convenient,  i n  analogy t o  [261], t o  express  t h e  v i s i b i l i t y  func t ion  of  a 
d i sk  of  non uniform br ightness  i n  the  form 

Since such a type  of v i s i b i l i t y  

Here A F  (6) i s  an increment required by t h e  d i s s i m i l a r i t y  o f  brighttiess tempera- 

t u r e  over t h e  d i sk  of t h e  p l a n e t ,  generated by t h e  n o n - i s o t h e n a l i t y  of t h e  
r a d i a t i n g  medium, AFp(8) i s  an increment requi red  by t h e  d i s s i m i l a r i t y  of  t h e  

br ightness  temperature along t h e  d i sk ,  and connected wi th  t h e  dependence of 
t h e  r a d i a t i n g  c a p a b i l i t y  on po la r i za t ion .  

T 

T 

Let us ca r ry  out  the  ca l cu la t ion  AF ( B ) .  L e t  us examine two types of  /41 
d i s t r i b u t i o n  of  temperature of a r a d i a t i n g  medium: central-symmetric change of 
temperature from the  cen te r  t o  t h e  edge of  t h e  v i s u a l  d i sk  and cen t r a l -  
asymmetrical d i s t r i b u t i o n  wi th  a decrease i n  temperature from t h e  equator  
toward t h e  poles .  
one may obta in  a d i s t r i b u t i o n  of a more complex na tu re .  For t h e  i l lumina t ion  
o f  Fo(B), and t o  obta in  immediately t h e  des i r ed  quan t i ty  AFT(@), i n  a funct ion 

descr ib ing  t h e  d i s t r i b u t i o n  of temperature,  w e  in t roduce  normalizing 
coe f f i c i en t s  which exclude the  constant  component. In  connection wi th  t h i s  

obtaining, negat ive temperatures ind ica t e s  only t h a t  t h e  r e s u l t a n t  temperature 
o f  t h e  sum of  t h e  uniformly b r i g h t  d i sk  and t h e  observed d i s t r i b u t i o n  a r e  l e s s  
than t h e  temperature of t h e  uniformly b r i g h t  d i sk .  

In  summarizing t h e  two i nd ica t ed  temperature d i s t r i b u t i o n s ,  

a )  

1) Linear changes i n  temperature of t h e  type ( 1  - - a ) ,  where a i s  a 

Centrosymmetric Changes i n  Temperature from t h e  Center to t h e  Edge 

3 
2 

varying po la r  coordinate .  The component AF ( B )  i s  a v i s i b i l i t y  func t ion  

of such d i s t r i b u t i o n  equal  t o  
T 

where 
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cos (2xf3x)x2arcsch xdx 
n 

0 

The funct ion H(B) is presented  i n  t h e  form of a graph i n  Figure 11.4. 

(11.55) 

ai6 2) D i s t r ibu t ion  of t h e  type 
11 - (n + 1) e2n]. The component 

PI? AFT(B) of a v i s i b i l i t y  funct ion 
of such d i s t r i b u t i o n  i s  the sum of /42 
Bessel funct ions of even order .  
For n = 1 

- 

- 

AFT (p) = $ [Ji  ( 2 4 )  + J ,  (2ap)I. (11.56) 

Figure I I .4. Calculated Corrections t o  
t h e  V i s i b i l i t y  Function f p r  Nonuniform 
Distr ibut ion of Temperature. 

Three types of c e n t r a l  
asymmetry i n  temperature d i s t r i -  
but ion,  represent ing d i f f e r e n t  
forms of temperature decrease 

from the  equator t o  the poles, a re  a l s o  examined. 

b )  Centroasymmetric D i s t r ibu t ion  w i t h  a Decrease i n  Temperature from 
t h e  Equator t o  the Poles 

1 1) D i s t r ibu t ion  of the form (- cos z;). Here z; i s  t h e  angle of t h e  

observed po in t  from t h e  pole .  

For t h i s  d i s t r i b u t i o n  

0 0 

where (@ - x) is  the  angle between the e f f e c t i v e  base and t h e  ax is  of the 
p l ane t .  This expression i s  reduced to t h e  form 

(11.57) 

2) Dis t r ibu t ion  with pa rabo l i c  decrease of temperature toward the  pole  
of t h e  form ( 1/4 - y 2 ) .  
the equator i n  f r a c t i o n s  of the  r ad ius  of t h e  p l ane t .  Taking i n t o  consider- 
a t i o n  t h a t  

Here y is the d i s t ance  of the  observed po in t  from 



w e  obta in  

3) Dis t r ibu t ion  with l i n e a r  decrease of temperature from t h e  equator  
t o  t h e  pole  o f  t h e  form (4/3y - l y l ) .  
t ransformations a r e  obta ined  only f o r  the equa to r i a l  and p o l a r  d i r e c t i o n s  : 

For t h i s  case comparative simple Pour ie r  

I 

A 8  (p) = & (2+ ~ ( l - - . x 2 ) " ' s i n ( 2 x ~ x ) d x + [ F , , ( ~ ) - l ]  
0 I 

- /43 

(11.59) 

I n  in te rmedia te  d i rec t ions ,  with s u f f i c i e n t  accuracy, 

AFT [g, (a - x)] = AF,,, + AFdifc0s 2 (a - I), 

where 

1 p  e 
2 

AFdif = - (AFT - AFT).  

I n  t h e  i n t e r v a l  0 c < 0.9 of t he  func t ion  [J2(27rB) + J4(2.rrB)], AFsm 

and AFdif i s  similar t o  H ( B )  and may be  approximated by t h e  last func t ion  with 

a constant  m u l t i p l i e r :  

The accuracy of t h i s  approximation i s  seen i n  Figure 11.4 where a l l  o f  t h e s e  
func t ions  a r e  shown. 

Considering t h e  ind ica t ed  approximation and keeping i n  mind t h a t  t he  
v i s i b i l i t y  funct ion of th-e ind ica ted  d i s t r i b u t i o n  i s  a l i n e a r  combination 
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of t h e  v i s i b i l i t y  funct ions comprising these  elements, we may reduce the  
r e s u l t a n t  v i s i b i l i t y  funct ion t o  t h e  form 

which is convenient f o r  comparison with experimental da t a .  A and 6 are 
general ized c h a r a c t e r i s t i c s  o f  temperature d i s t r i b u t i o n .  The r e l a t i o n s h i p  o f  
t hese  c h a r a c t e r i s t i c s  t o  the  parameters which now d i r e c t l y  i n t e r e s t  us are 
shown i n  Table 11.1 f o r  f o u r  forms of temperature d i s t r i b u t i o n .  These para- 
meters are T - T which is t h e  d i f f e rence  of temperatures on t h e  e q u a t o r i a l  e 0  
limb and i n  the  cen te r  o f  t he  d i sk ,  denoting a change of temperature along t h e  
equator,  and Te -T 

equa to r i a l  and p o l a r  p a r t s  of t h e  limb denoting c e n t r a l  asymmetry and darken- 
ing toward the  poles .  

which i s  the  d i f f e r e n c e  i n  temperatures i n  the  
PO1 

No. 

- 
1 

2 

3 

4 

Distr ibut ion of  
temperature on 

the d i s k  

V.S. T ro i t sk iy  [go] showec 

TABLE I I .  1 

-(3/2 ----I- A - 6/2)T 6 .T 

-(3/2 A - 314 6) 

--1,21 (A--1/2S)? 1,256 .T 

-312 (A-0,56? Sj? I ,  17 6 .? 

- /44 

TO 

( 1  + A ) F  

( I  +- A - 0,189 S)? 

( 1  + 0,62 A)T 

( 1  4 A - 0,064 S)? 

t h a t  with a l a c k  o f  c e n t r a l  symmetry o f  
d i s t r i b u t i o n  o f  b r igh tness  temperature, t he  i n t e g r a t e d  r ad io  frequency 
r a d i a t i o n  o f  a p l a n e t  must be  i n  p a r t  l i n e a r l y  po la r i zed .  

In  a general  case o f  c e n t r a l  asymmetry, t h e  value of p o l a r i z a t i o n  p i s  
determined by t h e  r e l a t i o n s h i p  

n s'j: aE (a, y )  T (a, y )  cos2y dy da. 
0 0  

ml P =  
(11.61) 
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where E ( a ,  y) i s  a d i s t r i b u t i o n  of  r ad ia t ion  c a p a b i l i t y  on t h e  v i s i b l e  d i sk ,  
- determined by (11.30) and (11.32), T ( a ,  y) i s  t h e  temperature d i s t r i b u t i o n ,  
T i s  t h e  br ightness  temperature,  averaged i n  accordance wi th  t h e  v i s i b l e  
d i sk  . 

- /45 
b 

1 For asymmetry of t he  form 7 cos 5, t h e  p o l a r i z a t i o n  of  t he  in t eg ra t ed  

radiofrequency r a d i a t i o n  i s  equal t o  

p = 6 - P ( E ) .  (11.62) 

The funct ion P (E) i s  presented i n  t h e  form of  a graph i n  Figure 11.5. 

I n  -the case when t h e  p o l a r  regions a r e  
co lder  than the  e q u a t o r i a l  reg ions ,  t h e  p o l a r i -  
za t ion  component must be  o r i en ted  along t h e  
equator  of t he  p l a n e t .  - =! 

a The c a l c u l a t i o n  Fo ( 8 )  + AF ( 6 )  was 

c a r r i e d  out  by Hei les  and Drake [182] and 
Kuz'min and Clark [61]. The most d e t a i l e d  

P 

1.0 20 3.0 4P 5.0 r e s u l t s  of  t h e  c a l c u l a t i o n  a r e  presented i n  t h e  
€ form o f  a t a b l e  i n  [63].  

Figure 11.5. Polar iza t ion  
o f  t h e  Integrated Radio- 3 .  Theoret ical  Premises of Radar Planetary 
frequency Radiation o f  t h e  I nves t i g a t  i ons 
Planet  as a Function o f  
the Die l ec t r i c  Constant of The development i n  r ecen t  years  o f  r ada r  
t h e  Surface Mater ia l .  astronomy is s t i l l  another  prospec t ive  method 

of i nves t iga t ing  Venus. 

In con t r a s t  t o  r a d i o  astronomy, which involves  t h e  r ad io  frequency r ad ia t ion  
of c e l e s t i a l  bodies themselves,  t h e  b a s i s  of  r a d a r  astronomy l ies i n  the  
inves t iga t ion  of r e f l e c t e d  r a d i a t i o n  of t hese  bodies  , which are sub jec t  t o  t h e  
inf luence  of  d i r e c t  r a d i a t i o n  from a r a d i o  t r ansmi t t i ng  apparatus e spec ia l ly  
u t i l i z e d  f o r  t hese  purposes.  

In  r ada r  astronomy, as i n  ord inary  eadar ,  two methods of  ope ra t ion . a re  
u t i l i z e d :  the  impulse method and the  method of continuous r ad ia t ion .  

In  measurement by t h e  impulse method the  p l a n e t  i s  p e r i o d i c a l l y  i r r a d i a t e d  
by s h o r t  impulses, t h e  length 
i n t e r v a l  between them. The recept ion  of t h e  r e f l e c t e d  s i g n a l s  is  c a r r i e d  out  
i n  the  i n t e r v a l  between impulses 

of which are s i g n i f i c a n t l y  s h o r t e r  than t h e  

r ad ia t ed  by t h e  t r ansmi t t i ng  apparatus .  

When r e f l e c t e d  by a s p h e r i c a l  p l ane t ,  t h e  s i g n a l  i n  the  general  case is  
s t r e t ched  both i n  t i m e  and i n  frequency. 

S t r e t ch ing  i n  t i m e  is caused by the  f i n i t e  speed of  propagation of 

38 



electro-magnet ic  o s c i l l a t i o n s  and by the  depth of t h e  r e f l e c t i n g  body i n  t h e  
l i n e  of s i g h t .  An examination of t h i s  e f f ec t  is more conveniently c a r r i e d  out 
under the  impulse method of opera t ion .  I t  i s  apparent t h a t  t he  f irst  s i g n a l  
r e g i s t e r e d  a t  t h e  r ece ive r  i s  t h e  r a d i a t i o n  r e f l e c t e d  from a po in t  on t h e  
su r face  of t he  p l ane t  c l o s e s t  t o  t he  e a r t h  observer.  This p o i n t  (see Figure /46 
11.6) i s  usua l ly  c a l l e d  t h e  "point  of i n i t i a l  contact". 
beginning of  t h e  r e f l e c t e d  s i g n a l  impulse, t h e  received energy w i l l  depend 
upon r e f l e c t i o n  of po in t s  of t h e  s u r f a c e  of t he  p l a n e t ,  loca ted  a t  d i s t ance  
C t  - along t h e  l i ne  of s ightbeyond t h e  po in t  of i n i t i a l  contac t .  I t  i s  apparent 2 

- 
I n  t i m e  t a f t e r  t he  

t h a t  these  po in t s  l i e  on a c i r c l e ,  t h e  
center o f  which is loca ted  on a s t r a i g h t  
l i ne  passing through t h e  po in t  of  i n i t i a l  
contact  and the  cen te r  o f  t h e  sphere.  I t  
is  not  d i f f i c u l t  t o  show t h a t  t he  angle 
e ,  from under which the  c i r c l e  i s . v i s i b l e  
from the  center  of t he  p l a n e t ,  is  
connected with the  delay t i m e  o f  the  
r e f l e c t e d  s i g n a l  t by t h e  simple r e l a t i o n -  
s h i p  

(11.63) 

Figure 11.6. T h e  Geometry of 
t h e  Reflect ion of an Impulse where R i s  the  rad ius  of t h e  r e f l e c t i n g  
Signal from a Spherical  P lane t .  l aye r  of the  p l ane t .  

2 R  The g r e a t e s t  delay tm = - w i l l  t ake  p l ace  f o r  r a d i a t i o n  r e f l e c t e d  from 
C 

po in ts  loca ted  on the  limb of t h e  p l ane t  (e  = goo). 

I t  i s  apparent t h a t  i n  making a s e l e c t i o n  by time it  is  poss ib l e  t o  
i s o l a t e  r ad ia t ion  from var ious  a reas  of t he  p l a n e t  and by t h i s  method i n v e s t i -  
ga t e  sepa ra t e ly  these  a reas .  The reso lv ing  c a p a b i l i t y  of t h i s  s e l e c t i o n  i s  
l imi ted  by the  f i n i t e  length of t h e  impulse T of t h e  r ad io  t r ansmi t t i ng  
apparatus .  I t  i s  apparent t h a t  the energy of the  s i g n a l  received during the  
i n t e r v a l  d t  = r (see Figure 11.7) corresponds t o  t h e  r e f l e c t i o n  from a r ing  
(Figure 11.6) with an angular  width de,  which i s  determined by the  r e l a t i o n -  
sh ip  

2R dt = -sinBd€I. C ( I  I . 64.) 

The method of  continuous r a d i a t i o n  is charac te r ized  by a very narrow 
band of f requencies  of the  r ad ia t ed  s i g n a l ,  and is  l imi ted  only by t h e  
technica l  i n s t a b i l i t y  of t he  t r a n s m i t t e r  and of t he  heterodyne o s c i l l a t o r  of  
t he  rece iver .  Therefore the  most important app l i ca t ion  of  t h i s  method is 
the  measurement of t h e  frequency spectrum o f  the  r e f l e c t e d  s i g n a l .  
d i f f e r s  from t h e  spectrum o f  t h e  r ad ia t ed  s i g n a l  due t o  Doppler s h i f t  of 
t he  average frequency, caused by progress ive  motion of t h e  p l ane t  r e l a t i v e  
t o  t h e  observer  with r a d i a l  v e l o c i t y  v ,  and i s  equal t o  

The l a t t e r  

- /47 
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n A u = 2 V y  
c (11.65) 

where vo are the  frequencies  of 

t h e  r a d i a t e d  s i g n a l  and the  
Doppler broadening, caused by 
p l a n e t  ary r o t  a t  ion.  

I t  may b e  shown t h a t  c i r c l e s  
on the s u r f a c e  of a sphere a r e  
the  l o c i  of po in t s  having an 
i d e n t i c a l  l i n e a r  speed on the  l ine /4 t  - 
o f s i g h t  t o  the  observer and 
t h e r e f o r e  a l s o  an i d e n t i c a l  
Doppler s h i f t .  The cen te r s  of 
t hese  c i r c l e s  a r e  loca t ed  on a 
s t r a i g h t  l i n e  passing through the  
cen te r  of  t h e  sphere perpendicular 
t o  the p lane  formed by the 
d i r e c t i o n  t o  the  observer and by 
the  ax is  of r o t a t i o n  of the  
p l ane t  (Figure 11.8) .  To an 
observer t hese  c i r c l e s  appear as 
segments of  s t r a i g h t  l i n e s  

Figure 11.7. Schematic Representation p a r a l l e l  t o  p r o j e c t i o n s  of the 
of Radiation Impulse Stretching Upon r o t a t i o n  ax is  on the plane of the 
Reflection by a Spherical Planet .  f i g u r e  (Figure I I. 9) . 

With t h e  apparent angular speed fi 
of p l ane ta ry  r o t a t i o n  r e l a t i v e  t o  t h e  
p r o j e c t i o n  of  t h e  r o t a t i o n  axis  on the  
plane of the f i g u r e ,  each such 
segment, which is located a t  d i s t ance  

has a supplemental l i n e a r  speed on the 
l i n e  of s i g h t  equal  t o  2xR and a 
supplemental Doppler s h i f t  i n  frequency 

2 x 8  

Center line 
of c i r c l e s  of 
i d e n t i c a l  x from the r o t a t i o n  axis of t h e  p l a n e t ,  
~ ~ ~ ~ l &  s h i f t  

(11.66) g v =  - Yo. 
c 

The combination of s e l e c t i o n  by 

Figure 11.8. T h e  Geometry o f  the of  a s i g n a l  r e f l e c t e d  from a defined 
Reflection o f  Continuous Radiation 
from a Rotating Spherical Planet .  (Figure II.6), with s e l e c t i o n  by 

of r e f l e c t i o n  from a band which i s  located a t  a def ined d i s t ance  from the 
r o t a t i o n  ax is  of the p l ane t  (Figure 11.9) makes p o s s i b l e  t h e  r e so lu t ion  on 
the planetary disk of r e l a t i v e l y  small areas  corresponding t o  the  i n t e r s e c t i o n  

time delay,  which permits the i s o l a t i o n  

r i n g  on t h e  v i s i b l e  d i sk  of the p l ane t  

frequency, which permits the i s o l a t i o n  
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of the ind ica t ed  r i n g  and $and 
(Figure 11.10). In  t h i s  way 
it  is poss ib l e  t o  study in-  
d i r e c t l y  the d i s t r i b u t i o n  of  
r e f l e c t e d  c h a r a c t e r i s t i c s  on 
the  p l ane ta ry  disk with the  
a i d  of e a r t h  antennas,  
with p a t t e r n  widths too 
g r e a t  t o  ca r ry  out t hese  

s i g n i f i c a n t  short-coming of  t h i s  
method of  i nc reas ing  angular 

dJ I I r e so lu t ion  is ambiguity. The 
i n t e r s e c t i o n  of the  r i n g  with 
t h e  band r e s u l t s  i n  two areas  

sepa ra t ion  of which without 
_ -  add i t iona l  s e l e c t i o n  is  not 

Point of i n i  ti a 
contact  

measurements d i r e c t l y  . A - /49 1-x: I' 
I i f re-  A! II (see Figure 11.10) , t h e  

uency I 

. considered poss ib l e .  
- 

2 6 )  m a  Jo 

Full  Doppler broadening of 
Figure 11.9. A Schematic Representation the  spectrum of r a d i a t i o n  r e -  
of Doppler Frequency Broadening During f l ec t ed  from the e n t i r e  p l ane t  
Reflection from a Rotating Planet .  comprises 

i n i t i a l  cont 

on where R is the radius  of the p l a n e t  

In  operating with the method 
of  continuous radiat ion,  reception 
of the r e f l e c t e d  s i g n a l  occurs 
simultaneously with primgry 
r a d i a t i o n .  In t h i s  connection, 
f o r  the  el iminat ion of i n t e r -  
ference from the t r a n s m i t t e r  i n  
t h i s  case it i s  necessary t o  e i t h e r  

Figure 11.10. Schematic Representation ca r ry  out recept ion and t r a n s -  
of Increased Resolution Obtained Through mission with d i f f e r e n t  antennas 
Select ion by T i m e  and Frequency. s u f f i c i e n t l y  displaced from each 

o ther ,  o r  t o  work i n  a quasi-  
continuous mode, r a d i a t i n g  high frequency o s c i l l a t i o n s  f o r  a s u f f i c i e n t l y  
long per iod  of time required f o r  t h e  propagation of r a d i a t i o n  from the e a r t h  t o  
Venus and re turn .  The t r a n s m i t t e r  i s  then switched o f f  during the time of  
recept ion.  

Elements of the  r o t a t i o n  of Venus a r e  some of the  parameters which may 
be defined through r ada r  measurement. 

The angular speed fl of t h e  apparent p l ane ta ry  r o t a t i o n  r e l a t i v e  t o  the 
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pro jec t ion  of t h e  r o t a t i o n  axis on the plane of t h e  f iguremay be defined 
from the  r e l a t i o n s h i p  (11.67) with t h e  a i d  of measurement of the  broadening 
of t h e  spectrum B of t h e  r e f l e c t e d  s i g n a l .  

However, i f  the r e f l e c t i n g  su r face  is s u f f i c i e n t l y  smooth ( i . e . ,  the  
c h a r a c t e r i s t i c  dimension of unevenness i s  small i n  comparison wi th  the wave- 
length a t  which the  i n v e s t i g a t i o n  is c a r r i e d  out), the  b a s i c  p a r t  of the  
primary r a d i a t i o n  is  r e f l e c t e d  from a comparatively small (equal t o  the  f i rs t  
zone of Frenel)  c e n t r a l  p a r t  of the  p l a n e t ;  r e f l e c t i o n  from the  edges of the  
disk .is very small. Therefore measurements o f  the  f u l l  width of t h e  spectrum 
of t h e  r e f l e c t e d  s i g n a l  demand a s i g n i f i c a n t  excess of s i g n a l  over no i se ,  
which has not y e t  been achieved i n  the  majori ty  of contemporary measurements. 
This d i f f i c u l t y  may be  overcome through t h e  combination of s p e c t r a l  measure- 
ments with the above mentioned measurements of d i s t r i b u t i o n  of r e f l e c t i o n  
according t o  d i s t ance .  I t  must be emphasized however t h a t  a s i n g l e  measure- 
ment, no mat te r  how accurate ,  permits the determination of only the  apparent 
speed of p l ane ta ry  r o t a t i o n  f o r  the  e a r t h  observer,  b u t  does no t  answer the 
quest ion of d i r e c t i o n  of r o t a t i o n  and of o r i e n t a t i o n  of r o t a t i o n  ax is .  The 
ind ica t ed  parameters may be defined as a change i n  t h e  apparent speed of 
r o t a t i o n  of Venus i n  due time [55, 2551 only from extended r ada r  measurements. 

The apparent r o t a t i o n  of Venus f o r  an e a r t h  observer  i s  t h e  r e s u l t  of 
the t r u e  r o t a t i o n  of the  p l ane t  and; besides  t h i s ,  motions o f  the  e a r t h  i n  
r e l a t i o n  t o  Venus. 
computed t h e o r e t i c a l l y ,  shows t h a t  if the  r o t a t i o n  o f  Venus is d i r e c t ,  it maybe/51 - 
expected t h a t  the  apparent speed of i t s  r o t a t i o n  w i l l  be maximum near  t h e  . 
i n f e r i o r  conjunction and w i l l  decrease on both s i d e s  of it. With retrograde 
r o t a t i o n  the apparent speed of r o t a t i o n  of Venus must be a t  a minimum a t  the  
i n f e r i o r  conjunction. 

A ca lcu la t ion  of the  second component,which may be 

In Figure 11.11 the re  i s  shown the c a l c u l a t e d  dependence of t h e  apparent 
speed of r o t a t i o n  of Venus on the  da t e  of t h e  i n f e r i o r  conjunction f o r  var ious 
periods and on d i r e c t  and i n d i r e c t  r o t a t i o n  of the p l a n e t ,  Curve 2 corres-  
ponds t o  so -ca l l ed  synchronous r o t a t i o n ,  when t h e  pe r iod  and d i r e c t i o n  of the 
c h a r a c t e r i s t i c  r o t a t i o n  of Venus around the ax is  and i t s  o r b i t a l  revolut ion 
around the Sun are i d e n t i c a l ,  and the re fo re  the  p l ane t  always presents  the  
same s i d e  t o  t h e  Sun. Curve 1 corresponds t o  another p a r t i c u l a r  case when 
Venus does not  r o t a t e  a t  a l l  r e l a t i v e  t o  the  stars and i t s  apparent r o t a t i o n  
i s  caused only by t h e  r e l a t i v e  movement of t h e  e a r t h  and Venus. The 
s i g n i f i c a n c e  of t h e  remaining curves i s  c l e a r  from t h e  drawing. 

Figure 11.11 w a s  p l o t t e d  f o r  a case when t h e  ax is  of r o t a t i o n  of Venus 
With o t h e r  o r i e n t a t i o n s  of t h e  i s  perpendicular t o  the  plane of i t s  o r b i t .  

axis of ro ta t ion ,  curves represent ing the dependence of  the  apparent speed of 
r o t a t i o n  on the  da t e  become non-symmetrical. An ana lys i s  o f  t h i s  asymmetry /52  
makes it poss ib l e  t o  determine both the  o r i e n t a t i o n  of the  ax i s ,  and the re fo re  
a l s o  t h e  o r i e n t a t i o n  of the poles of the r o t a t i o n  of Venus. 

- 

The r e l i e f  of  the su r face  of the  p l ane t  i s  another parameter of Venus 
which is  being determined from rada r  measurements. 
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f0 i i 

t i m e  

F i g u r e  1 1 . 1 1 .  Calculated 
Apparent Angular Speed of 
Rotation of Venus ( i n  u n i t s  10 
radians/sec) a s  a Function of 

-7  

Time t o  t h e  I n f e r i o r  Co 
of t h e  P l ane t ,  i n  Earth 
f o r  the Following Cases 
1 )  there  i s  no ro t a t ion  
Venus around t h e  a x i s ,  
2) ro t a t ion  is d i r e c t  w 

3 )  ro t a t ion  is re t roqra 
a period of 225 days,  

junct ion 
Days , 

o f  

t h  

e . .  
w i t h  a period o f  ZZYdays, 
4) ro t a t ion  i s  d i r e c t  w i t h  
a period of 100 days,  
5) ro t a t ion  is ret rograde 
w i t h  a period o f  100 days. 

I Reflected beam 

Figure 11.12. Geometry o f  
Diffused Reflection o f  
Rad i a t  i on. 

The i n t e n s i t y  of t h e  r e f l e c t e d  
r a d i a t i o n  P depends upon t h e  d i r e c t i o n  of 
t h e  r e f l e c t e d  beam r e l a t i v e  t o  t h e  
inc iden t  beam. In  a general  case P i s  a 
funct ion of  t h r e e  angles:  the angle of 
incidence 8, t h e  angle of r e f l e c t i o n  i ,  
and the  d i f f e rence  of azimuths 0 of  t h e  
i n c i d e n t  and r e f l e c t e d  beams (see 
Figure 11.12). 

P = .P,F (e, CD, a). (11.68) 

Here P i s  a c e r t a i n  constant ,  def ining 

the absolute  value of r e f l e c t i o n  
c a p a b i l i t y ,  and F ( 8 ,  0 ,  i )  is  a funct ion 
of d i f f u s i o n  expressing r e l a t i v e  change 
of r e f l e c t i o n  with a change of d i r e c t i o n  
of t h e  inc iden t  and r e f l e c t e d  beams. 
?lie f inding of t h i s  funct ion i s  poss ib l e  
e i t h e r  t h e o r e t i c a l l y  on t h e  b a s i s  of an 
examination of the  mechanism of d i f f u s i o n  
of a r e f l e c t i n g  su r face  having a f ixed  
s t a t i s t i c a l l y  determined s u r f a c e  uneven- 
ness ,  o r  by means of a corresponding 
experiment. 

0 

For r ada r  l oca t ion  of Venus from t h e  
ear th ,  measurements F ( e ,  @, i )  a r e  c a r r i e d  
out only f o r  a p a r t i c u l a r  case of 
r e f l e c t i o n  i n  the d i r e c t i o n  of  t h e  
inc iden t  beam ( i  = e ,  @ = 0 ) .  Here the  
measured value is  t h e  funct ion of 

r e f l e c t i o n  F ( e ) ,  which i n  t h i s  manner becomes 
a p a r t i c u l a r  case of the  funct ion o f  d i f f u s i o n  
F ( e ,  0,  i ) .  

For a d u l l  uniformly d i f f u s i n g  surface. ,  the  
funct ion of r e f l e c t i o n  is  described by Lamberts 
Law 

(11.69) 

For a su r face  r e f l e c t i n g  i n  accordance 
with Lommel-Zilinger's Law 

(11.70) 
F (e) = COS e. 
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For a su r face  cons i s t ing  of a l a rge  number of  s u f f i c i e n t l y  l a r g e  ( i n  
comparison with wavelength) randomly i n c l i n e d  f l a t  m i r r o r - r e f l e c t i n g  p a r t s ,  
the  r e f l e c t i o n  is c a l l e d  quasi-specular ,  and the  func t ion  of r e f l e c t i o n  has 
a maximum when e = 0 and decreases sharply upon an inc rease  i r l  e. A widely 
u t i l i z e d  method of s ta t i s t ica l  desc r ip t ion  of such a s u r f a c e  is t h a t  taken i n  
[165]. 
i n c l i n a t i o n s  a r e  random, then deviat ions i n  a l t i t u d e  from the  mean l e v e l  a r e  
character ized by normal d i s t r i b u t i o n  wi th  roo t  mean square dev ia t ion  ho. 

ho r i zon ta l  s c a l e  of t h e  unevenness of t h e  s u r f a c e  is given by t h e  auto- 
c o r r e l a t i o n  funct ion p (d) . In  examining two forms of t h i s  func t ion ,  t h e  
Gaussian i s  

Assuming t h a t  t h e  t r u e  s u r f a c e  d i f f e r s  from the  mean, and t h a t  the 

The 

and the exponential  i s  

(11.71) 

(11.72) 

The funct ion of r e f l e c t i o n  of such a su r face  cons i s t ing  of a d i e l e c t r i c  
may be presented  i n  the  form 

where eo = h /d 

Gaussian d i s t r i b u t i o n  of s lopes o r  

is  the mean i n c l i n a t i o n  o f  t h e  r e f l e c t i n g  s u r f a c e  f o r  
0 0  

F (0) oc [cos4 0 + C sin2 

(11.73) 

(11.74) 

where 

men  C i s  
be reduced t o  the form 

la rge  (which app l i e s  t o  t h i s  examination) t h e  equation (11.74) may 
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A comparison c a r r i e d  out by Evans [165] of the funct ion of r e f l e c t i o n  
described by (11.73 - I I .7S) ,with experimental curve F(8) o f  the  quasi-  
specu la r  component of lunar  r e f l e c t i o n  on radiowaves , r evea l s  
conformity of the experiment with the ca l cu la t ion  f o r  the  exponential  auto- 
c o r r e l a t i o n  funct ion when C = 102 and 32 on waves of 68 and 3.6 cm, r e spec t ive ly .  
Many forms of the e a r t h ' s  su r f ace  a r e  a l s o  described by exponential  laws [181]./54 

the c lose  

Inso fa r  as t h e  exponential  law of  d i s t r i b u t i o n  is concerned, the roo t  
mean square i n c l i n a t i o n  is  not a parameter which uniquely descr ibes  t h e  
c h a r a c t e r i s t i c s  of the su r face .  A more s i g n i f i c a n t  c h a r a c t e r i s t i c  i s  t h e  
ac tua l  d i s t r i b u t i o n  of i n c l i n a t i o n s  of the su r face  f ( 0 )  i n  r e l a t i o n  t o  the  
average surface.  Then, as Rea and others  [274] have shown i n  an approximation 
Qf geometric optics. 

(11.76) 

The i n c l i n a t i o n s  must be taken with considerat ion f o r  conformity with t h e  
a r ea  of t h e i r  p ro j ec t ions  on t h e  average s u r f a c e ;  i t  i s  necessary t o  f u l f i l l  
t h e  conditions 

A funct ion of r e f l e c t i o n  may be experimentally determined on the  b a s i s  of 
measurement d a t a  of the i n t e n s i t y  d i s t r i b u t i o n  of r e f l e c t i o n  by d i s t ancg  o r  
by measurement d a t a  of the  frequency spectrum of the  r e f l e c t e d  s i g n a l .  

As has already been poin ted  out above, s e l e c t i o n  by d i s t ance  makes it 
poss ib l e  t o  i s o l a t e  r a d i a t i o n  frpm a r i n g  
contact  (Figure 11.6) .  Further ,  with the  a id  of (11.64) it i s  not d i f f i c u l t  
t o  p l o t  with the  measured t e n t a t i v e  spectrum P ( t )  the angular spectrum P I ( @ )  
of  t h e  r e f l e c t i o n  from t h e  r i n g s  i r r a d i a t e d  by an impulse with duraction T .  

The area of t h e s e  r ings  equals 

concentr ic  t o  the p o i n t  of i n i t i a l  

AS = 'TCRCZ, ( I1  .78) 

i . e . ,  does not depend upon the  p o s i t i o n  of t h e  r ing  on the  sphere.  Therefore 
the angular spectrum PI (e) cha rac t e r i zes  t h e  r e f l e c t i o n  no t  only of t h e  r ings  
of i d e n t i c a l  depth; it is a l s o  a c h a r a c t e r i s t i c  of the r e f l e c t i o n  of a s i n g l e  
element of  the su r face ,  i . e . ,  it is ( a f t e r  normalization) t h e  des i r ed  funct ion 
of r e f l e c t i o n  F(0). 

The r e l a t i o n s h i p  of t h e  func t ion  of r e f l e c t i o n  with t h e  frequency 
spectrum of the r e f l e c t e d  s i g n a l  P(v)  is determined by the  r e l a t i o n s h i p  [128] 

(11.79) 
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where 

8 = arcsin [TI7 
v i s  the frequency, 6vm is  ha l f  of t h e  width of the  spectrum of the  r e f l e c t e d  

s i g n a l  from limb t o  limb. 
- /55 

The inve r se  transformation may be c a r r i e d  out  with the  a i d  of Abel's 
i n t e g r a l  equation, which gives  

(11.80) 

The d i e l e c t r i c  c h a r a c t e r i s t i c s  of the material of the  su r face  of t h e  
p l ane t  a r e  the next  parameters of Venus which may be evaluated on the b a s i s  of 
r a d a r  measurement da ta .  

The c o e f f i c i e n t  of r e f l e c t i o n  p of  the su r face  cons i s t ing  of a d i e l e c t r i c  
with a complex d i e l e c t r i c  p e r m i t t i v i t y  E = E '  + jE" i s  determined by t h e  
r e l a t i o n s h i p  

(11.81) 

Here E, = E !  - jE" i s  a complex conjugate quan t i ty  with d i e l e c t r i c  permit- 

t i v i t y  E.  

In a case when E" << E '  (low e l e c t r i c a l  conduct ivi ty)  , which occurs f o r  
t h e  Moon and f o r  the  majori ty  of e a r t h - l i k e  s u r f a c e s ,  (11.81) leads t o  t h e  
wel l  known form 

From t h i s ,  knowing p ,  it is  not  d i f f i c u l t  t o  c a l c u l a t e  

(11.82) 

(11.83) 

The quan t i ty  p may be determined through measurement d a t a  of t h e  e f f e c t i v e  
cross-sect ion of t h e  r ada r  r e f l e c t i o n  
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2 where nR i s  the  a r e a  of the  geometric cross-sect ion of t h e  p l a n e t ,  g i s  the  
c o e f f i c i e n t  of t h e  d i r e c t i o n  of the r e f l e c t e d  r a d i a t i o n .  

The e f f e c t i v e  cross-sect ion of the r ada r  r e f l e c t i o n  S is  determined e 
d i r e c t l y  from measurement. Transforming the  wel l  known rada r  equation (see 
f o r  example [14]) 

(11.85) 

where P 

t r ansmi t t i ng  antenna, A is  the  e f f e c t i v e  a rea  of the  receiving antenna, r i s  
the d i s t ance  t o  t h e  r e f l e c t i n g  ob jec t ,  
r e f l e c t e d  power i s  

i s  t h e  t r a n s m i t t e r  power, G i s  the  amplif icat ion f a c t o r  of the  t r  
/56 

and considering t h a t  the  t o t a l  

R 
%+Z--y  

Po = S P ( f ) d t  
0 (11.86) 

o r  

we obtain 

+bv m 
Po = P(v)dv ,  

m --b* (11.87) 

(11.88) 

Usually the  r e s u l t s  of measurement of S a r e  expressed i n  f r a c t i o n s  of e 
the  geometrical  area of a c ros s - sec t ion  of the  p l a n e t  

2 cr e = Se/nR . 

The d i r e c t i o n a l  c o e f f i c i e n t  g of t h e  r e f l e c t e d  r ad ia t ion  depends upon 
the  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of t h e  r e f l e c t i n g  su r face  and i n  a general  
case i s  defined by the  r e l a t i o n s h i p  
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(11.89) 

I t  has a l ready been mentioned above however t h a t  the funct ion of  d i f f u s i o n  
F ( 0 ,  @, i) cannot be determined through e a r t h  experiment. Therefore it is  
necessary t o  l i m i t  the  approximate evaluat ion of the  g parameter, based upon 
the  r e s u l t s  of a determination of the  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of t h e  
r e f l e c t i n g  su r face  and measurement of the ind ices  of r e f l e c t i o n .  

For a sphere t h a t  is  smooth i n  r e l a t i o n  t o  wavelength, and which provides 
specu la r  r e f l e c t i o n ,  g = 1. 

Daniels and Winter revealed [140, 3321 t h a t  i f  t h e  s u r f a c e  of a p l ane t  
cons i s t s  of a g r e a t  number of f l a t  a reas ,  l a rge  i n  comparison wi th  wavelength, 
b u t  i n c l i n e d  toward the  sphere,  and providing quasi-specular  r e f l e c t i o n ,  t h e  
d i r e c t i o n a l  c o e f f i c i e n t  of t h e  r e f l e c t e d  s i g n a l  i s  equal t o  g = 1 + z2, 
where i s  the mean angle of i n c l i n a t i o n .  
be accepted as a s u f f i c i e n t l y  c lose  approximation. 

For small values of z, g ;" 1 may 

For a su r face  t h a t  i s  rough on the wavelength s c a l e  and which - /57 
d i f f u s e s  r e f l e c t e d  r a d i a t i o n  i n  accordance with Lambert's Law, the  d i r e c t i o n a l  
c o e f f i c i e n t  g = 8/3 [177]. 

In processing the r e s u l t s  of r ada r  measurements of Venus i t  i s  the 
usual  p r a c t i c e  t o  desc r ibe  the  r e f l e c t e d  s i g n a l  as the  sum o f  two components: 
t h e  quasi-specular  component, caused by mir ror  r e f l e c t i o n  of f l a t  areas  of 
p l ane ta ry  regions c lose  t o  e a r t h ,  and t h e  d i f fused  component, caused by a 
uniformly d i f fus ing  p a r t  of the su r face  which i s  rough on the wavelength 
s c a l e .  With such a combination, t h e  f u l l  e f f e c t i v e  c ros s - sec t ion  u of 
r e f l e c t i o n  of the  p l ane t  may be presented i n  t h e  form 

e 

(11.90) 

where ad is  the  r e l a t i o n s h i p  of p a r t s  of the  p l ane ta ry  disk providing 

d i f fused  r e f l e c t i o n  t o  the  f u l l  c ros s - sec t ion  of the p l a n e t ;  g 

c o e f f i c i e n t s  of the d i r e c t i o n  of specu la r  and d i f fused  r e f l e c t i o n .  

and gd a r e  
SP 

Designating by b 

specular  and diffused component t o  the  t o t a l  power of the r e f l e c t e d  s i g n a l ,  
and considering t h a t  b 

t h a t  g 

and bd t h e  r e spec t ive  r a t i o s  of the energy of the 
SP 

sp  + bd = 1, and accepting i n  agreement with the  above 

= 1 and gd = 8 / 3  and carrying out simple t ransformations,  we obtain 
SP 

(11.91) 

48 



The values b 

Also it i s  poss ib l e  t o  c a l c u l a t e  f u r t h e r  

and bd a r e  determined from experiment. 
SP 

(11.92) 

The d iv i s ion  i n t o  quasi-specular  and d i f fused  components i s  c a r r i e d  out 
on the b a s i s  of an ana lys i s  of the  r e f l e c t i v e  func t ion ,  which is conveniently 
p l o t t e d  on the s c a l e  

I t  i s  apparent t h a t  on t h i s  s c a l e  t h e  r e f l e c t i v e  funct ion of t h e  d i f f u s i o n  
component w i l l  have a form of a s t r a i g h t  l i n e  with the  angular i n c l i n a t i o n  
equal t o  minus 2. By ex t r apo la t ion  of t h i s  s t r a i g h t  l i n e  it is  poss ib l e  t o  
obtain the ' r e f l e c t i v e  funct ion of the d i f f u s i o n  component F ( e )  i n  t h e  whole /58 
range of angles 8 from 0 t o  90°. 
r e  l a t i  onship 

The quan t i ty  bd is  determined from the  

(11.93) 

A l l  of the remaining r e f l e c t i o n  i s  considered t o  be quas i - specular  and 
g = gsp = 1 and b 

components of the r e f l e c t e d  s i g n a l  caused by intermediate  r e f l e c t i o n  between 
the  quasi-specular  with g = 1 and t h e  d i f f u s i o n  wi th  g = 8/3, and having 

the re fo re  a d i r e c t i o n a l  c o e f f i c i e n t  1 c g < -,is considered r e l a t i v e l y  coarse.  

Conditionally, we s h a l l  c a l l  t h e  ind ica t ed  intermediate  a rea  the  a rea  o f  
s c a t t e r e d  r e f l e c t i o n .  With t h e  c a l c u l a t i o n  of s c a t t e r e d  r e f l e c t i o n  t h e  
r e l a t i o n s h i p s  (11.91) and (11.92) are transformed t o  the  form 

= 1 - bd md accepted f o r  i t .  

The ind ica t ed  dual component model, which does not  t ake  i n t o  account 
SP 

d SP 8 
3 

(11.94) 
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where gs and bs are t h e  c o e f f i c i e n t s  of d i r e c t i o n  and r e l a t i v e  energy of t h e  

s c a t t e r e d  r e f l e c t i o n  , r e spec t ive ly .  

In connection with the f a c t  t h a t  g > 1 ,  it is  apparent t h a t  the value of 
S 

the  c o e f f i c i e n t  of r e f l e c t i o n  p , and the re fo re  a l so  the d i e l e c t r i c  p e r m i t t i v i t y  
E, ca lcu la t ed  with the component of s c a t t e r e d  r e f l e c t i o n ,  must be l e s s  than 
t h a t  obtained from the coa r se r  dual component model. 

The r e l a t i v e  a rea  of p a r t s  of the  p l ane ta ry  d i sk  responsible  f o r  the 
r e f l e c t i o n  of various components may be determined from t h e  r e l a t i o n s h i p  

bspOe P 1 a- = 
SP 

( I  I.  95) 

The e n t i r e  examination c i t e d  above was conducted under the  assumption of 
p l ane ta ry  atmospheric t ransparence and i s  c o r r e c t  t he re fo re  only f o r  those 
radiowave bands f o r  which t h i s  assumption is appl icable .  

Radar measurements of p l ane t s  a l s o  permit the  measurement of the d i s t ance  /59 
t o  them and thus t h e  determination of t h e  astronomical u n i t .  

From these  measurements themselves, the  radius  of the planetary r e f l e c t i n g  
Actual ly ,  the d i s t ance  t o  a p l ane t  may be  determined l aye r  may be determined. 

by two methods : 

a) 
s i g n a l  from 
case t h e  measured value r ep resen t s  the d i s t ance  from the  observer t o  the po in t  
of i n i t i a l  contact  of the r e f l e c t i n g  layer .  

D i rec t ly ,  by measurement of the time of propagation of the  r ada r  
the t r a n s m i t t e r  t o  the p l a n e t  and back t o  the  r ece ive r .  In t h i s  

b) From t h e  v e l o c i t y  of p l ane ta ry  motion along the  s o l a r  o r b i t ,  measured 
on the  b a s i s  of Doppler frequency s h i f t  of the r e f l e c t e d  s i g n a l  (with a 
co r rec t ion  f o r  motion of the  observer due t o  r o t a t i o n  of the e a r t h  and i t s  
o r b i t a l  motion),  
t o  the  cen te r  o f  the p l a n e t .  

In t h i s  case t h e  measured value represents  the d i s t ance  

By comparing t h e  r e s u l t s  of d i s t ance  measurements u t i l i z i n g  the  two 
ind ica t ed  methods, it is poss ib l e  t o  determine the radius  of the  r e f l e c t i n g  
l a y e r  o f  the p l ane t .  
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CHAPTER I I I 

THE RESULTS OF R A D I O  PHYSICAL MEASUREMENTS O F  VENUS 

1 .  The  r e s u l t s  o f  Radio Astronomic Measurements of V e n u s .  

a)  T h e  Spectrum o f  Radio Frequency Radiation. 

The f i rs t  observations of c h a r a c t e r i s t i c ,  r ad io  frequency r a d i a t i o n  of 
Venus were accomplished i n  1956 by Mayer, McCullough, and Sloanaker i n  the  
3-cm wave band on the  15 meter radiotelescope of the  Naval Research Labora- 
t o ry  of the  USA [227]. The choice of the 3-cm wave band was brought about 
by a compromise between the  decrease of r ad io  frequency f l u x  densi ty  of the  
p l ane t  with a longer wave, on the one hand, and the lack a t  the  time of 
radiotelescopes s u i t a b l e  f o r  work i n  t h e  mi l l ime te r  range, and by d e t e r i o r a t i o n  
i n  the s e n s i t i v i t y  of radiometers a t  s h o r t e r  waves, on the o the r  hand. The 
r e s u l t s  of t hese  measurements proved t o  be q u i t e  unexpected: it was revealed 
t h a t  the b r igh tness  temperature of Venus, averaged by the  v i s i b l e  disk of the  
p l a n e t y i s  equal t o  approximately 600"K, i . e . ,  it exceeds by more than two 
times the  radiometr ic  temperature 235°K obtained e a r l i e r  i n  the  i n f r a r e d  
range [259, 2951. 

However the r e s u l t  obtained could not  be immediately i n t e r p r e t e d ,  f o r  
n e i t h e r  the  a r e a  responsible  f o r  t h e  r a d i a t i o n  obtained nor the mechanism of 
t h i s  r a d i a t i o n  was known. 

As mentioned above, the spectrum i s  one of the  most important character-  
i s t i c s  of t h e  mechanism of r ad io  frequency r a d i a t i o n .  

The f irst  attempt a t  measurement of the spectrum of r a d i o  frequency 
r a d i a t i o n  of Venus was a l s o  undertaken by Mayer and others  [227]. However, 
the  measurements c a r r i e d  out by them on t h e  longer 9 . 4  cm wave proved t o  be 
q u i t e  rough. Tho observations were made i n  a l l ,  and t h e  b r igh tness  tempera- 
t u r e s  of Venus, averaged i n  accordance with the  v i s i b l e  disk of  t h e  p l a n e t ,  
were determined t o  equal 430 and 740"K, r e spec t ive ly ,  with e r r o r s  of  '50%. - /61 

Jus t  as approximate were t h e  measurements of Gibson and McEwan [19, 1671 , 
accomplished i n  1958 on t h e  s h o r t e r  8 .6  mm wave. In the  au tho r ' s  conclusion, 
t h e  value of the b r igh tness  temperature of Venus, averaged by t h e  v i s i b l e  
d i s k ,  is probably located between 250 and 570°K wi th  an average value of 410°K, 
i . e . ,  t h i s  value equally agrees both with i n f r a r e d  measurement d a t a  and with 
the r e s u l t s  of measurements by Mayer and o the r s  i n  the  3-cm wave band. 
Sagan [278] i n t e r p r e t e d  t h e s e  d a t a  i n  t h e  same way having concluded i n  1960 
t h a t  t h e  measurements of Gibson and McEwan were i n  c lose  agreement with the  
measurements of Mayer and o the r s ;  he a l s o  concluded t h a t  t h e  lower value of the 
average value f o r  b r igh tness  temperature on the 8.0 mm wave was caused by 
i n s u f f i c i e n t  accuracy of measurement due t o  a g r e a t  amount 05 apparatus noise .  
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More exact measurements i n  the  8 mm wave band were ca r r i ed  out i n  1959 
by Kuz'min and Salomonovich [S2] a t  the Physical I n s t i t u t e  of t he  Academy of 
Sciences of the USSR. Using a 22-meter  radiotelescope, considered t o  be the 
l a r g e s t  of those s u i t a b l e  f o r  work i n  the m i l l i m e t e r  w.ave band, they revealed 
t h a t  the br ightness  temperature of Venus i n  the 8 mil l imeter  band, averaged 
by the  v i s i b l e  disk of t he  p l ane t ,  i s  p o s i t i v e l y  and s i g n i f i c a n t l y  lower than 
on the 3.15 cm wave. 

In the course of the next s eve ra l  years,measurements 'o f  br ightness  
temperature of Venus were ca r r i ed  out i n t ens ive ly  a t  a s e r i e s  of radio- 
astronomic s t a t i o n s  of the USSR and t h e  USA i n  a wide band of wavelengths 
from 1 mm t o  70 cm. The r e s u l t s  of these measurements are condensed i n  Table 
111.1. 
il luminated by the Sun has been p l o t t e d  i n  Figure 111.1 according t o  da t a  from 
t h i s  t a b l e ,  i. e . ,  brightness temperature, averaged by the non-illuminated 
s i d e  of t he  p l a n e t ,  i s  shown as a funct ion of wavelength. 

The spectrum of r ad io  frequency r ad ia t ion  from the s i d e  of Venus not 

The approximate constancy of the br ightness  temperature of Venus i n  the  
wavelength band from 2 t o  20 cm approximately, and the  s i g n i f i c a n t  decrease 
i n  br ightness  temperature on s h o r t e r  waves, a re  the most c h a r a c t e r i s t i c  
features  of the spectrum. 

Of i n t e r e s t  i n  obtaining da ta  concerning the composition of the atmos- 
phere of Venus is  the s h i f t  of p a r t  of the spectrum from higher brightness 
temperatures i n  the centimeter range toward lower brightness temperatures i n  
the mill imeter range. 
the port ion of the spectrum near  1.35 c m  wa.velength, which corresponds t o  a 
water vapor absorption l i n e .  With the presence of water vapor i n  the atmos- 
phere of Venus there  must be a "gap" on t h i s  wave i n  the spectrum o f  planetary 
r ad io  frequency radiat ion.  

Especial ly  i n t e r e s t i n g  i s  the form of the s h i f t  of 

F i r s t  measurements of brightness temperature of Venus on the  1.35 cm 
wave, c a r r i e d + o u t  by Gibson and Corbett [169], did not  reveal  any kind of  
spectrum p e c u l i a r i t y  on t h i s  wave. More d e t a i l e d  measurements on a s e r i e s  of /70 
waves near 1.35 cm, ca r r i ed  out by Welch and Thornton [329] and Drake and 
others [1551, with an accuracy of measurement evaluated by the  authors a t  5%, 
.reveal& t h a t  the r ad ia t ion '  spectrum of Venus near t he  water vapor 
absorption l i n e  is  smooth. 

- 

Analogous measurements by Bar re t t  and S t a e l i n  [110, 3101 po in t  t o  a 
change i n  the form of the spectrum i n  the  observed a rea  from day t o  day with 
the appearance on spec i f i ed  days of t he  llgap" on the 1.35 cm wave. A sec.ond 
s e r i e s  of measurements made by Gibson [170] i s  a l s o  an indicat ion i n  favor 
of a "gap" i n  the  spectrum of t h i s  wave. Latest  measurements by S t a e l i n  and 
Reifenstein [311], ca r r i ed  out i n  1966 on waves 1.18; 1.28; 1.35; 1 .42  and 
1.58 an, revealed brightness temperatures of 400 f 40"K, 418 f 42"K, 436 f 

f 44"K, 451 f 45°K and 477 f 60"K, showing again i n  t h e  same manner t h a t  the 
radio frequency r ad ia t ion  spectrum of Venus near t h e  water. vapor absorption 
l i n e  i s  smooth. Changes themselves i n  the form of the spectrum from day t o  
day did not  exceed measurement e r ro r s .  
measurements of the spectrum of r ad io  frequency r ad ia t ion  of Venus near the 

52 
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Radio teles cope Year I 
Ins ti t u t  ion Observers 1 nub. Leference, Biblio. ,! 

I I F. Low I 1965 I [220] 1 

I 

same as  above 

1961 135, 631 0 22 &,Physical Ins - t i tu te  A . G *  Kislyakov 
A.D.  Kuz'min of Academy of Sciences, 
A.Ye.Salomonovich 1 j 

I 

A.Ye. Salomonovich 

0 3 M ,  Naval Research 
Laboratory, USA 

C. R. Grant 
H. H. Corbett 

I J. E. Gibson 

1863 [I761 ' 

I I I I I I 

3302;; 0 4,9 M ,  Univ.--of Texas, USA C. W. Tolbcrt 1 1964 1 [321, 3221 
0143 I i A. W. Straiton 

- -_  
! 

0,8 I 4 0 5 f 8 0  j Q 22 MBPhysical I n s t i t u t e  i . 1960 1 [52, 631 I 
of Academy of Sciences ,USSR 

I 1 I I I 

*Tr.  Note. Commas indicate decimal points.  

1962 

ru 

[54, 631 

rt 
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Yu. N . Vetukhnovska 
same as above A.D. Kuz'min 

, B.G.  Kutuza 
' A. Ye. Salomonovi ch 

0,85 3802;: 0 8,5 m ,  Lincoln Univ., Lab. 
Massachusettes I n s t i t u t e  of 

0 3 m ,  Univ. of Cal i fornia ,  
USA 

V. L. Lynn 

:: b; 

I 390f45 I same aS above I !V J: Welch 
D D Thornton 

J. E. Gibson 1 op86 I 'lo* I6O 1 a 
I US A I J. E. Gibson same a s  above I, 

0 8 m , ,  Evan-Knight Corp. ,  J. Copeland 
o J 8 6  I 353 I US A W. C. Tyler 

C. W. Tolbert 
A. W. Straiton 

0 4 3  MlUniv. o f  Texas, o*86 I 375f 58 I 
US A 

Q 8,s A, Lincoln Lab., A. H. Barrett 
0*926 ! "'* 24 IMass. I n s t .  o f  Tech., USA D. Staelin 

1964 I [3191 I 
1965 I [3291 

[.222] 

1964 I 
1959 I [19, 1671 , 

1963 I [168] 

1964 1 [139] 

~ 

1964 I [321, 3221 . 

1965 1 [110, 3101 

T r .  Note: Commas i n d i c a t e  decimal po in ts .  



Radio t e l e s  cope 
I I n s t i t u t i o n  

@ 815 M* Lincoln IJniv. , Lab. 

Q 3 ~ ~ U n i v .  o f  Cal i fornia ,  
USA 

0 8,s  m. Lincoln Lab., 

' ' I o 1  1 463f32 IMass. I n s t .  of Tech., USA 

Mass. I n s t .  of Tech., USA 

' 1965 1 [329] 

I 4 I 428f 20 I same as above 

USA 

W. J. Welch 
D. D. Thornton 

A. H. Barrett 
D. H. Staelin 

J. E. Gibson 
H. H. Corbett 

J. E. Gibson 
H. H. Corbett 

W. J.. Welch 
D. D. Thornton 

I 

1965 ; [110, 3101 
i 

1963 

19G5 

1965 
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lg 3 m.Univ. of Cal i forn ia ,  
USA 

cm 
I ,37 

D. D. Thornton 
W . J .  Welch 

1,42 

1,45 

I .6  

1962 
' Y . P .  Bibinova 

A.D. Kuz'min 
A..Ye.Salomonovich 
I .  V. Shavlovskiy 

1,65 

[I31 

2,07 

3,15 

3,3 

404 f 28 

572 f 82 

-- 
595 f 50 

534 f 60 

560 f 51 

500 f 70, 

560 f 73 

550 f 70 

- 
542 f 85, 

Radioteles cope Year Bibl io .  
Ins tl t u t  i on Ob s ewers 

A. H. Barrett 
D. H .  Staelin 

0 8,s 1, Lincoln Lab. , 
USA 

same as above D. H. Staelin I A* 

0 15 M ,  Naval Research Lab. , T. P. AlcCullough 
USA J. W. Boland 

0 15 w,Naval Research Lab. ,, 
US A 

C. H. Mayer 
T. P. McCullough 
R. M. Sloanaker 

lub . .ref erencc 
1965 I [IIO, 3101 

I 
[3.10] 

Igfj6 I 
lgfj5 I [3291 

s 1963 I [I71 

1965 1 [3291 

I 

1958 I (2271 

I 

1963 1 [230] same as above C. H. Mayer 
T. P. McCullough 
R. M. Sloanaker I I 

0 22 Physical I n s t i t u t e  
Df t h e  Academy of Sciences,  

USSR 

T r .  Note: Commas i n d i c a t e  decimal po in ts .  



lpub. 4 referenctbs 

j 3,37 575f 60 

I 3,75 

0 15 Naval Resesrch Lab. , L. E. AISOP 1958 [io31 
J. A. Giordmaine 
C. H. Mayer 
C. H. T o w n s  

USA 

1 9,4 

590f 50 
' 

:I 

u.N. 0 22Y,Physical I n s t i t u t e  of 
I 

the Academy of Sciences, I 

1 

l0,O 

580&160 

lthe Academy of Sciences;LJSSR k.Ye.Salomonovich I 1 
1 , I 

0 '15 M ,  Naval Research Lab. , C. H. Mayer 1 T. P. McCullough I 1958 1 [2271 1 
R. M. Sloanaker US A 

. D .  Kuz'min 
W. Dent 

660*60" K * P 2 6 u ,  Univ. of  Michigan 
TIC A 

- 
0 22 Y, Physical I n s t i t u t e  o .D. Kuz'min i 1961 i [53, 631 

the Academy of Sciences,USSR .Ye.Salomonovich 

I631 . D .  Kuz'min 

a 
same as above 

- i  660& 75 

553f60 

VI 
T r .  Note: Commas ind ica t e  decimal points .  



Table 111.1. [continued) 

10,o 

- Radiotelescope 
X,cm h? , O K  I n s t i t u t i o n  

590f50 1 0 26 National Radio- F. D. Drake 

I F. D. Drake 584k14 I same as above 

astronomical Obs ervatorv.  USA 

Observers 

1960 ~ 9 1  ' 1  10,2 1 605&85 1 0 25 M, Naval Research Lab., 
USA 

C. H. Mayer 
T. P. McCullough 
It. M. Sloanaker 

A.D. Kuz'min Interferometer  2 x 27 m 
Calif. I n s t .  of Tech., USA B.  Klark 

C. L. Spencer 

/ K. I. Kellerman 

same as above B. G. Clark 

18 .M, -Harvard Univ. USA I 6oo I I 21 
:: 

B.,G. Clark 

A. E. L~~~~~ 

Year Biblio.  

I I 

I I -- 
t1151 1 

1964 ! [1361. 

1951 I [219] ; 

I 
* 

T r .  Note: Commas i n d i c a t e  decimal po in ts .  

Measurements were c a r r i e d  out near  dichotomy. 



.- 

I I I n s t  i t u t i o n  
x, cy I OK ' Radiotelescope 

Table III. 1. (continued] 

IYear 1 B i b l i o . '  
Observers ,pub, I references 

40 I 4u0*60 1 0 National Radio- 

48,4 I 505&100 1 @ 55 AI, Austral ia  

as tronomi ca l  Obs ervat  o r y  .. USA 

21 1 674f70 1, Nancy, France 

F. D. Drake pr 1541 

K. I. Kellerman I 1965 1 [I971 

1 A. Boischot 
M. Ginat 
1. Kazes i 

616&100 I Interferometer B. G. C!ark 
1 Calif. I n s t .  of Tech., USA c. 

j y. I .  Kellerman I 1965 1 [197] 
I 

1 , 

0 go National Radio- F. D. Drake 
i as tronomi ca l  Obs ervatory ,USA 1 

K. 1. Kellerman i 1965 1 [I971 

21'4 1 528*33 I 
31,2 1 510k50 1 0 65Ml Aus t r a l i a  

I 70 
1 518540 1 M 300 M I  Puerto Rico 1 1965 1 [1801 

H. E. Hardebeck 

T r .  Note: Commas ind ica t e  decimal po in t s .  
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Figure  I I I .  1 .  Spectrum o f  Br igh tness  Temperature, Averaged by the  V i s i b l e  
Disk o f  the P lane t ,  o f  the Side o f  Venus n o t  I l l u m i n a t e d  by the  Sun. 



A subsequent i n t e re s t ing  but  not y e t  confirmed d e t a i l  of the  spectrum 
i s  the decrease i n  br ightness  temperature, averaged by the v i s i b l e  disk of the 
p lane t ,  i n  the decimeter wave band range. This decrease w a s  detected by Drake 
[154] from measurements car r ied  out by him on 2 1  and 40 cm wa.ves. However 
Drake himself remarks t h a t  i n  connection with the possible  indidence of s o l a r  
rad io  frequency rad ia t ion  on s ide  lobes of the antenna, the r e s u l t  obtained by 
him must be regarded with caution. Later measurements by Kellerman [197] on 
the 31 and 48 cm waves and by Hardebeck [180] on the 70 cm wave a l so  are 
indicat ions i n  favor of a decrease of brightness temperature of Venus i n  t h i s  
band. 

I t  seems t o  us t h a t  i n  order t o  carry out measurements i n  the decimeter 
wave band, which i s  very important f o r  an understanding of the physics of 
Venus, one must apply in te r fe rence  methods of observation, which permit the  
exclusion of the influence of c e l e s t i a l  radio frequency noise.  

b )  Phase Variation o f  Brightness Temperature 

The measurements of Venus, the r e s u l t s  of which were discussed above, 
were car r ied  out near the i n f e r i o r  conjunction of the planet  and r e f e r  there- 
fo re  t o  the s ide  of the planet  not  i l luminated by the  Sun. Near the super ior  

s o l i d  angle i s  approximately 40 times less  than a t  the i n f e r i o r  conjunction. 
conjunction, when Venus turns i t s  i l luminated s i d e  toward the ear th ,  i t s  - /71 

In connection with the fact  t h a t  the rad ia t ion  f lux  density of the p lane t  
is  proport ional  t o  the s o l i d  angle, d i r e c t  measurement of the radio frequency 
rad ia t ion  of Venus near the super ior  conjunction is a very d i f f i c u l t  task.  
Therefore evaluations o f  br ightness  t e n p r a t u r e  of- the  i l luminated s ide  of 
Venus were f i r s t  accmplished through extrapolat ion of the r e s u l t s  of observa- 
t i ons  c.a.rried out. i n  periods when only a small pa r t  of the  planet  was i l lumina- 
ted by the  Sun. 

The resolving power of contemporary radiotelescopes is s t i l l  i n su f f i c i en t  
f o r  the measurement of the differences i n  brightness temperature of separate  
p a r t s  of the planetary disk.  Therefore the measured value is the br ightness  
temperature, averaged by the v i s i b l e  disk of the planet .  
temperature of the i l luminated and non-illuminated s ides  of the planet  a re  
d i f f e ren t ,  one would expect a "phase var ia t ion",  i . e . ,  dependence of br ight -  
ness temperature, averaged by the d isk ,  on planetary phases, i . e . ,  on the 
r e l a t i v e  area of the i l luminated p a r t  of the  disk.  

If the brightness 

Such measurements, car r ied  out i n  1959 by Kuz'min and Salomonovich [52] 
on the 8 mm wave from the i n f e r i o r  conjunction t o  dichotomy revealed an 
increase i n  br ightness  temperature, averaged by the disk,  during an increase 
i n  a r e l a t i v e  area of the i l luminated p a r t  of the  disk.  

The presence of br ightness  temperature phase va r i a t ion  of Venus i n  the 
mil l imeter  wavelength band was confirmed by measurements performed i n  1961 by 
Kuz'min and Salomonovich [54] and Copeland and Tyler [139] i n  the 8 mm band 
and Kislyakov, Kuz'min and Salomonovich [ 3 5 ]  i n  the  4 mm band. However, Grant 
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Corbett  and Gibson [176] ,having c a r r i e d  out  observat ions at  t h e  same t i m e  on 
t h e  4.3 mm wave, d i d  n o t  d e t e c t  phase v a r i a t i o n .  

Epstein [160], having c a r r i e d  out  measurexents on t h e  3.3 mm wave i n  1964, 
obtained r e s u l t s  which, depending upon t h e  method of t h e i r  processing,  a t tes t  
e i t h e r  t o  t h e  lack of phase v a r i a t i o n ,  o r  even t o  an ant i -phase v a r i a t i o n ,  
i . e . ,  a decrease i n  br ightness  temperature of r a d i o  frequency r a d i a t i o n  of 
Venus i n  proport ion t o  an i n c r e a s e  of  t h e  f r a c t i o n  of  t h e  p l a n e t a r y  d isk  
i l lumina ted  by the  Sun. 

approximated by Epstein by t h e  a n a l y t i c a l  r e l a t i o n s h i p  

I n  t h e  second case a dependence o f  ?; on CP i s  b0 

I n  1960 Mayer, McCullough and Sloanaker [228] a l s o  repor ted  t h e  presence 
of phase v a r i a t i o n  i n  the  br ightness  temperature of Venus on t h e  3.15 cm and 
10 cm waves. In  agreement with l a t e r  and more accura te  measurements by t h e s e  /72 
authors on t h e  3.15 cm wave [230] extending over  a per iod  of  t h r e e  and one 
h a l f  months af ter  the  i n f e r i o r  conjunction, t h e  dependence of  br ightness  
temperature,  averaged by t h e  v i s i b l e  d i s k ,  on phase v a r i a t i o n  is  approximated 
by t h e  r e l a t i o n s h i p  

- 

Due t o  t h e  fact  t h a t  only t h e  absolu te  va lue  of t h e  phase angle  CJ of t h e  
i l lumina t ion  of Venus by t h e  Sun is  recorded i n  astronomical re ference  books, 
and i n  order  t o  avoid ambiguity here  and f u r t h e r  on, CJ i s  en tered  with a pos i -  
t i v e  s i g n  up t o  t h e  i n f e r i o r  conjunction and with a negat ive s i g n  a f t e r  t h e  
i n f e r i o r  con j vnc t i on 

The e x t r a p o l a t i o n  of t h i s  r e l a t i o n s h i p  t o  t h e  s u p e r i o r  conjunction 
revea ls  a br ightness  temperature of t h e  i l lumina ted  s i d e  of Venus equal t o  
694OK. 

On t h e  10 cm wave t h e  dependence of br ightness  temperature of Venus on 
phase w a s  s tud ied  by Drake [154] n e a r  t h e  i n f e r i o r  conjunctions o f  1961 and 
1962. H i s  r e s u l t s  may b e  approximated by t h e  r e l a t i o n s h i p  

The corresponding e x t r a p o l a t i o n  t o  t h e  s u p e r i o r  conjunction revea ls  a 
br ightness  temperature of t h e  i l lumina ted  s i d e  of Venus equal t o  663OK. 
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An attempt t o  measure the  phase dependence of Tb9(4,) on the  2 1  cm wave 

w a s  undertaken by Davies and Wil l iams [142], from September 7, 1962 t o  
February 18, 1963. 
they obtained an antiphase va r i a t ion ,  approximated by the re la t ionship  

In the phase angle in t e rva l  from @ = 94O t o  4, = -78' 

- 
Q (k) = 597 - k39, O K .  

(f5) ( 2 3 4 )  

Here k is the  r e l a t i v e  area of the v i s i b l e  disk of the planet  i l luminated by 
the Sun. However,due t o  the fact  tha t  the var iab le  component i s  of the same 
magnitude as measurement e r ro r ,  the authors conclude t h a t  the phase var ia t ion  
is  small: the peak-to-peak amplitude of the  va r i ab le  component is 
evaluated by them a t  l e s s  then 1 2 O K ,  i . e . ,  the  amplitude of the phase 
va r i a t ion  is l e s s  than 1%. 

b? 

However,not long ago the r e su l t s  of measurements car r ied  out by Gibson 
and Corbett [170] were published; they s tudied the  dependence of T 

on the 1.35 cm wave, t he  l i n e  of water xapor absorption. 
obtained ind ica tes  the independence of T 

from 135 t o  -130" and the rapid r i s e  of 

t i o n a l  t o  the r e l a t i v e  area of t h a t  p a r t  of the v i s i b l e  disk i l luminated by 
the Sun. 

on phase 
b0 

The da ta  they 
of phase i n  the  phase angle range b? 

a f t e r  dichotomy roughly propor- /73 b? 

The authors present the r e s u l t s  of t h e i r  measurements i n  the  form 

- 
Tb (k)  = 430--440"K f o r  k < 0,19 

n.9 (k) = 320 + k600"K for0,19 < k < 0,6. 

The da ta  c i t e d  above concerning br ightness  temperatures of the s i d e  of 
Venus i l luminated by the  Sun on the 3.15'and 10 cm waves were obtained through 
extrapolat ion and therefore  cannot be considered s u f f i c i e n t l y  accurate. For 
a determination of t h i s  parameter,direct  measurements near the superior  
conjunction of the planet  when i t s  i l luminated s i d e  is turned toward the ear th  
a re  required. 

The first d i r e c t  measurement of the br ightness  temperature of Venus near 
the  super ior  conjunction w a s  ca r r ied  out by Drake [153], who obtained on the  
10 cm wave i n  the phase angle in t e rva l s  9 = 14 - 37O the brightness tempera- 
t u re  averaged by t h e  disk, of 

- 
Tboo = 610 * 55OK. 
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This value below 663'K, obtained by extrapolat ion from the results of h i s  own 
measurements [154] ca r r i ed  out only near t he  i n f e r i o r  conjunction, and 
correct  within measurement e r ro r s ,  coincides with the  br ightness  temperature of 
the non-illuminated s i d e  of Venus according t o  the da t a  of Drake himself [154] 
and amounts t o  584 * 15°K on the same wave. 

In 1964 analogous measurements of Venus i n  the 10 cm wave band were 
car r ied  out independently by Kuz'min [62] and Kellerman [197]. Kuz'min, i n  
making measurements by comparison with reference source 3C48, obtained 
brightness temperatures f o r  Venus, averaged by the v i s i b l e  disk of the p lane t ,  
near the i n f e r i o r  and superior  conjunctions equal t o  580 +_ 10°K and 550 f 

* 20°K*, respectively.  
tu res  a re  605 * 30°K when .@= -137" and 629 * 30°K when @ = -45". 

According t o  Kellerman's da ta ,  corresponding tempera- 

Thus d i r e c t  measurements have shown t h a t  t h e  d i f fe rence  i n  brightness 
temperatures of the i l luminated and non-illuminated s ides  of Venus on the 
10 c m  wave do not exceed 5%, i . e . ,  the  amplitude of the  phase va r i a t ion  is  
not g rea t e r  than 2.5%. 

An attempt a t  d i r e c t  measurement of near the superior  conjunction bP 
was undertaken by Dickel [147] on the 3 cm wave band. The author maintains /74 
t h a t  the difference i n  temperatures of the i l luminated and the non-illuminated 
s ides  of Venus is equal t o  120°K. 
method of l e a s t  squares of experimental po in ts ,  c i t e d  i n  [147], reduces t o  
phase dependence of the form 

- 
An ana ly t i c  i n t e rp re t a t ion  u t i l i z i n g  the 

- 
Tbq (@) = 649 +- 37 COS (@ - 20"), 'I(, 

i . e . ,  the  amplitude of the var iab le  component i s  1.6 times l e s s  than the 
author maintains. However even t h i s  r e s u l t  i s  appl icable  only f o r  three (of 
a t o t a l  number of 31) i s o l a t e d  poin ts ,  and a f t e r  t h e i r  exclusion the  amplitude 
of the var iable  component decreases by almost double and the  phase dependent-e 
i s  approximated by the re la t ionship  

- 
Tbg (@) = 639 + 20 COS(@ f 7"), "K. 

In  connection with the  i n t e r n a l  contradict ion of these r e s u l t s  and t h e i r  
lack of agreement with da t a  obtained from measurements of Mayer and others 
[230], the question of phase dependence of br ightness  temperature of Venus 
i n  the 3 cm wave band remains open. 

In  the mil l imeter  band, d i r e c t  measurements of br ightness  temperature 
of the i l luminated s ide  of Venus were car r ied  out by Basharinov, Vetukhnovskaya, 
Kuz'min, Kutuza and Salomonovich [9, 631 near the super ior  conjunction i n  
1963. 

* The c i t ed  e r r o r  character izes  only random e r ro r s  and does not take i n t o  

J u p i t e r  w a s  used as a reference source f o r  which a brightness 
-~ 

account absolute e r ro r s  i n  the  determination of the  f lux  density of 3C48, 
which may reach 10%. 
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temperature of 140°K w a s  taken. 
averaged by t h e  d isk ,  were obtained as follows;435 f 8OoK, 462 f 6S°K and 
440 f 70°K a t  phase angles -43O, -14O and 13O, r e s p e c t i v e l y .  A comparison 
of t h e s e  d a t a  with r e s u l t s  of measurement c a r r i e d  o u t  n e a r  t h e  i n f e r i o r  
conjunction i n  1962 with t h e  same reference  source leads t o  a phase dependence 
of b r i g h t n e s s  temperature of  Venus approximated by t h e  r e l a t i o n s h i p  

On t h e  8 mm wave, br ightness  temperatures , 

- $ 0 (@) = 427 + 42 (@ - 43"), "K 

confirming the  phase v a r i a t i o n  r 
w av e b and. 

revealed e a r l i e r  [52] i n  t h e  mi l l imeter  bs 

An i n t e r e s t i n g  c h a r a c t e r i s t i c  o f  t h e  Getected phase dependence i s  t h e  
s h i f t  of i t s  mj.nir?um r e l s t i v e  t o  t h e  i.n.ferior conjunct ion.  
Sa1omonovic.h [55] pointec! out t h e  p o s s i b i l i t y  of u t i l i z i n g  t h i s  s h i f t  t o  
determine t h e  c1i.i-ection o f  r o t a t i o n  o f  Venus on i t s  a x i s .  
ca5e of d i r e c t  r o t a t i o n  ( i . e .  , notion ir, th.e same d i r e c t i o n  as o r b i t a l  motion) 
of  Venus (see Figure 1 1 1 . 2 )  , t h e  morning s i d e  o f  t h e  p l a n e t  i s  turned toward 
t h e  e a r t h  a t  eastem, e longat ions ,  and t h e  evening s i d e  a.t western elongat ions.  
In connection w i t h  t h e  thermal i n e r t i a  of  t h e  pl.anet it may be Expected t h a t  

Kuz'min and 

Actually i n  t h e  

/ E  

Sun 

R 
e Eastern long a t i o n s  y----J:5.;. / 

Earth 

\ 
\ 
'\ 
- 

Figure I I I .2. Schematic Diagram 
Explaining t h e  Method of Deter- 
mination of t h e  Direction of t h e  
Rotation of V e n u s  from Radio 
Astronomi c Observations (not 
drawn to s c a l e ) .  

during e a s t e r n  e lonea t ions  t h . e  d a r k  s i d e  
of t h e  disk has a l r e n d y  cooled, and t h e  
i l lumina ted  s i d e  has not y e t  become fu l ly  
warmed; during western elongat ions t h e  
d a r k  s i d e  ha.s not y e t  cooled, 2nd at. t h e  
same time t h e  i l  lumfnated s i d e  has  be- 
coxe warm. In s u m a r y ,  t h e  br ightness  
t m p e r a t u r e  of t h e  p lane t  , averagec! by 
t h e  v i s i b l e  d i s k ,  i n  i d e n t i c a l  a reas  of 
i l lumina t ion  o f  t.he p a r t  of t h e  d isk  
w i l l  prcve t o  be l G w e r  f o r  e a s t e r n  elon-  
g a t i c n s  than f o r  western.  This leads t o  
a s h i f t  i n  t h e  moment o f  onset  o f  t h e  
minimum i n  b r i g h t n e s s  temperature i n  t h e  
d i r e c t i o n  of t h e  e a s t e r n  elongat ions , 
j..e. before  t h e  i n f e r i o r  conjunction. 
In  t h e  case o f  re t rograde  r o t a t i o n ,  t h e  
mi ninium o f  br ightness  temperature may be 
expected a f te r  t h e  i n f e r i o r  conjunct ion.  

Acquired experimental  d a t a  p o i n t s  
t o  a s h i f t  i n  t h e  minimum i n  t h e  
d i r e c t i o n  of western e longat ions ,  which 
may a t tes t  t o  a re t rograde  r o t a t i o n .  I t  
must be noted however t h a t  phase 
v a r i a t i o n  measurement accuracy i s  s o  fa r  
i n s u f f i c i e n t  f o r  an unambiguous resolu-  

t i o n  of t h e  ques t ion  concerning t h e  d i r e c t i o n  o f  p l a n e t a r y  r o t a t i o n  by t h e s e  
d a t a  alone. 
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c) Dis t r ibu t ion  of Radioluminescence - /76 

A l l  of t h e  measurements enumera.ted a.bove hare  beer? c a r r i e d  out  on radic;- 
t e lescopes  having a d i r e c t i o n a l  p a t t e r n  width l a r g e r  than t h e  s o l i d  angle of 
Venus. In  t h i s  connection t h e  measured va lue  i s  t h e  i n t e g r a t e d  f l u x  d e n s i t y  
of t h e  r a d i o  frequency r a d i a t i o n  of  t h e  p l a n e t  o r  t h e  br ightness  temperature,  
averaged i.ri accordance with i t s  v i s i b l e  d i s k ,  The b r i g h t n e s s  temperatures of 
Venus c i t e d  i n  Table 111.1 and f u r t h e r  i n  t h e  t e x t  are def ined i n  p r e c i s e l y  
t h i s  way. However, t h e  assumption se t  f o r t h  t h a t  t h e  source of t h e  r a d i o  
frequency r a d i a t i o n  has t h e  same angular  dimensions as t h e  v i s i b l e  disk of 
t h e  p l a n e t  i s  not  c l e a r .  
t h a t  i s  of  d i r e c t  i n t e r e s t  f o r  t h e  determinat ion of t h e  phys ica l  c h a r a c t e r i s -  
t i c s  of t h e  p l a n e t ,  may i n  general  depend on t h e  p l a n e t o c e n t r i c  coord ina tes ,  
i . e . .  , may prove t o  be d i f f e r e n t  f o r  d i f f e r e n t  p a r t s  of  t h e  v i s i b l e  d isk .  

In a d d i t i o n ,  t h e  descr ibed br ightness  temperature 

I n  t h e  determination of t h i s  dependence ,measurements of the  d i s t r i b u t i o n  
of radioluminescence on t h e  Venus d isk  a r e  required.  
such measurements demands very high reso lv ing  power, n o t  y e t  achieved i n  
rad io te lescopes  i n s t a l l e d  on e a r t h .  Therefore even with systems having a t  
the  present  time the  g r e a t e s t  reso lv ing  power i t  i s  p o s s i b l e  t o  car ry  out  now 
only q u a l i t a t i v e  measurements and only near  t h e  i n f e r i o r  conjunction of Venus 
The f i rs t  measurements of t h i s  type  were c a r r i e d  o u t  i n  1962 by Korol'kov, 
Par iysk iy ,  Timofeyeva and Khaykin [42]  and Clark and Spencer [136] on t h e  
3.02 and 9 . 4  cm waves, r e s p e c t i v e l y .  

The accomplishment of 

Korol'kov and o t h e r s  used t h e  l a r g e  Pulkovoradiotelescope having a k n i f e  
edge p a t t e r n  width i n  t h e  h o r i z o n t a l  c ross -sec t ion  of 1 ' . 2 . a t  t h e  h a l f  power 
l e v e l .  
Venus, from which t h e  broadening caused by Venus was determined by comparison 
with t h e  ca lcu la ted  d i r e c t i o n a l  p a t t e r n .  
mi t ted  t h e  c a l c u l a t i o n  of t h e  angular  dimensions of t h e  r e f l e c t i n g  l a y e r  and 
t h e  charac te r  of t h e  d i s t r i b u t i o n  of radioluminescence. 

The measured value represented -hhe width of t h e  curved passage of 

The value o f  t h i s  broadening per-  

From the  d a t a  o b t a i n e d , i t  follows t h a t  on t h e  3 c m  wave t h e  rad ius  of 
the  rad io  frequency r a d i a t i n g  a r e a  does n o t  exceed 1.07 times t h e  radius  of  
t h e  v i s i b l e  d isk  of Venus. The charac te r  of t h e  d i s t r i b u t i o n  of  radio-  
luminescence b e s t  of a l l  agrees with darkening o f  t h e  edge of t h e  p l a n e t a r y  
d i s k  and c l e a r l y  c o n t r a d i c t s  limb br ighten ing .  

Clark and Spencer c a r r i e d  out  measurements using t h e  in te r fe rometer  
method. The in te r fe rometer  u t i l i z e d  cons is ted  of  two 27-meter p a r a b o l i c  
antennas,  deployed i n  an east-west d i r e c t i o n  a t  a d i s t a n c e  of 490 m (5184 A ) .  
With a change i n  the  hour angle,  a change i n  t h e  e f f e c t i v e  length of the  base 
was u t i l i z e d .  
c l a r i f i c a t i o n  of the  charac te r  of  radioluminescence d i s t r i b u t i o n .  A d i s k  of  
u n i f o m  br ightness ,  t h e  diameter of  which exceeds the  diameter o f  t h e  v i s i b l e  
d isk  by 15%, and a l s o  a b r i g h t  r i n g  on t h e  p lane tary  limb from which 1/4 of 
t h e  r a d i o  frequency r a d i a t i o n  o f  t h e  e n t i r e  p l a n e t  is emit ted,  were pointed 
out  as p o s s i b l e  d 2 s t r i b u t i o n s .  The amplitudes of  t h e  s p a t i a l  spectrum 
obtained do not  agree with t h e  d i s t r i b u t i o n  o f  radioluminescence 
ing  t o  darkening of  the  edge of t h e  d isk  o r  t o  uniform d i s t r i b u t i o n  o f  

An i n s u f f i c i e n c y  of experimental  m a t e r i a l  prevented t h e  d e f i n i t e / 7 7  - 

correspond- 
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radioluminescence on t h e  v i s i b l e  d isk .  

Thus t h e  measurements accomplished gave q u a l i t a t i v e l y  d i v e r s e  r e s u l t s  
concerning t h e  c h a r a c t e r  of t h e  d i s t r i b u t i o n  of radioluminescence on t h e  Venus 
d i s k .  

As has a l ready  been noted above, t h e  reso lv ing  power of  contemporary 
e a r t h  rad io te lescopes  i s  thus fa r  i n s u f f i c i e n t  f o r  t h e  examination of  
s e p a r a t e  d e t a i l s  on a p l a n e t a r y  d isk .  Even during an observa t ion  from a 
d i s t a n c e  of 10,000 km i n  t h e  cent imeter  wave band with an antenna of moderate 
dimensions (about 1 m) it is  p o s s i b l e  t o  reso lve  a reas  corresponding approx- 
imately t o  1/500 of t h e  a r e a  of  t h e  v i s i b l e  p l a n e t a r y  d isk .  
connection i t  seems p o s s i b l e  t o  d e t e c t  d i r e c t l y  t h e  presence o f  darkening o r  
br ighten ing  of the  edge 
i l lumina t ion ,  and a l s o  t o  r e v e a l  a reas  of d i f f e r e n t  r a d i a t i o n  c a p a b i l i t y  ( f o r  
example s e a s  and c o n t i n e n t s ) .  Besides t h i s ,  conducting observat ions beyond 
t h e  l i m i t s  of  t h e  e a r t h ' s  atmosphere r a i s e s  t h e  accuracy of spec t roscopic  
examinations of  the  atmospheric composition of Venus e s p e c i a l l y  f o r  gases 
present  i n  e a r t h ' s  atmosphere (02 ,  H 2 0 ) .  

te lescopes i n s t a l l e d  on space probe Mariner-2, d i r e c t e d  toward Venus, was 
c a r r i e d  out i n  t h e  USA i n  1962 ., [104,  105, 1081. 

In t h i s  

t h e  dependence of b r i g h t n e s s  temperature on s o l a r  

Such an experiment with radio-  

I t  was assumed o r i g i n a l l y  t h a t  measurements would be c a r r i e d  out  on f o u r  
waves, 4 and 8 mm and 1.35 and 1.9 c m ,  t o  ob ta in  c h a r t s  of t h e  d i s t r i b u t i o n  of 
br ightness  temperature on t h e  Venus d isk .  However, t h e  experiment on Mariner- 
2 was c a r r i e d  out only on two waves i n  accordance with an abbreviated program; 
1.35 and 1.9 cm. Due t o  a malfunction i n  t h e  scanning system only t h r e e  pro- 
f i l e s  of  Venus were obtained.  Five measurements on t h e  dark s i d e  of t h e  p l a n e t ,  
e i g h t  along t h e  te rmina tor  and f i v e  on t h e  l i g h t  s i d e  were accomplished. 
t h e  1.9 c m  wave t h e  maximum temperature of t h e  c e n t r a l  p r o f i l e  (590OK) was 
e s s e n t i a l l y  g r e a t e r  than t h e  maximum temperature of t h e  o t h e r  two p r o f i l e s  
taken n e a r  t h e  edge of t h e  p l a n e t  (480 and 460°K). The value of t h i s  d i f f e -  
rence exceeds t h e  random e r r o r  of measurement, which c o n s i s t s  of 5% i n  t h e  
a u t h o r ' s  eva lua t ion ,  and a l s o  t h e  expected e f f e c t  o f  smoothing by t h e  d i r e c -  
t i o n a l  p a t t e r n ,  and i s  i n t e r p r e t e d  by t h e  authors  as a decrease i n  p lane tary  
br ightness  temperature toward t h e  edge and i n  a d i r e c t i o n  perpendicular  t o  
t h e  d i r e c t i o n  of scanning. 

On 

A l a r g e  sys temat ic  e r r o r  i s  a l s o  poss ib le .  

On t h e  second wave of 1.35 cm,the measurements were c a r r i e d  out  with low 
accuracy (random e r r o r  +25%) due t o  low apparatus  s e n s i t i v i t y .  Maximum 
br ightness  temperatures of t h e  c e n t r a l  and edge p r o f i l e s  were determined t o  
equal  400, 393 and 396"K, r e s p e c t i v e l y .  Thus a decrease i n  br ightness  
temperature from t h e  c e n t e r  t o  t h e  edge was not  de tec ted ,  although on t h e  
s h o r t e r  wave a s t r o n g e r  e f f e c t  of darkening of t h e  p l a n e t a r y  edge was t o  b e  
expected. I t  i s  p o s s i b l e  t h a t  t h e  lack of t h e  edge darkening e f f e c t  was 
caused by i n s u f f i c i e n t  measurement accuracy. 

More d e t a i l e d  measurements of  t h e  d i s t r i b u t i o n  o f  radioluminescence on 
t h e  Venus d i s k  were c a r r i e d  out  by Kuz'min and Clark [61] i n  1964 a t  t h e  
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Radiointerferometer S ta t ion  Owens Valley of the  Cal i forn ia  I n s t i t u t e  o f  
Technology on the  10.6 cm wave. 
base lengths from 600 Ato 6,500 A and a t  various base or ien ta t ions .  

The observations were car r ied  out  a t  various 

The pos i t i ona l  angle of the e f fec t ive  base of the interferometer  i s  
r e l a t i v e  t o  the  observed source and therefore  the d i r ec t ion  i n  which 
inves t iga t ions  of the d i s t r i b u t i o n  of radioluminescence a re  car r ied  out 
depends on the or ien ta t ion  of the base of the interferometer  and on the  
pos i t ion  of the source on the c e l e s t i a l  sphere (see § 11.1). 
t h i s  p r o t i l e s  of t h e  planet  i n  various d i r ec t ions  were obtained during observa- 
t i ons  with various base or ien ta t ions  and with d i f f e ren t  hour angles of Venus. 
A comparison of t he  r e s u l t s  obtained made it possible  t o  inves t iga te  the  cen- 
t r a l  symmetry of t he  d i s t r i b u t i o n  of br ightness  temperature on the  v i s i b l e  disk 
of t he  p lane t .  The r e s u l t s  of t he  analysis  reveal  t h a t  t he  d i s t r ibu t ion  of 
br ightness  temperature on the  v i s i b l e  planetary disk i s  c e n t r a l l y  asymmetric: 
i n  the  d i rec t ion  c lose  t o  the  perpendicular t o  the  e c l i p t i c ,  the  edges of t he  
disk are colder than the  e c l i p t i c a l  edges of t h e  disk and i t s  cen t r a l  pa r t .  
The centers  of grav i ty  of t he  revealed cold areas  are condi t ional ly  ca l led  the  
"cold poles" of Venus. 
are, i n  the  e c l i p t i c a l  system of coordinates,  

As a r e s u l t  of 

The locat ions of t he  poles determined i n  t h i s  manner 

X s 200' and B 2 70'; X z 20' and B G -70'. 
P P P P 

In the  equator ia l  d i rec t ion  there  i s  a tendency toward an increase i n  
planetary br ightness  temperature from a poin t  opposite the  sun toward the 
equator ia l  limb. 
l i m i t s  of measurement e r r o r , a  decrease of approximately 2% is  even poss ib le .  

The maximum increase comprises 23%, however ,within the  

The radius of the rad ia t ing  area has been determined t o  equal 6,060 f 

f 55 km, i . e . ,  0.99 * 0.01 of the  radius o f  the v i s i b l e  Venus disk.  

d) P o l a r i z a t i o n  

The f i rs t  attempt t o  measure the polar iza t ion  of  the in tegra ted  radio- 
frequency rad ia t ion  of Venus was undertaken by Mayer, McCullough and 
Sloanaker [227] on the  3.15 m wave. Polar izat ion could not  be detected 
within the accuracy of measurement e r ro r .  

In  1962, Se ie l s tad ,  Morris and Radhakrishnan [292] i n  conducting 
measurements of the  polar iza t ion  of the radio frequency rad ia t ion  of a s e r i e s  
of d i sc re t e  sources,  a l so  attempted t o  measure the polar iza t ion  of  the 
in tegra ted  radio frequency rad ia t ion  of Venus on the 10.6 cm wave. Data from 
the observations a t  the Radiointerferometer S ta t ion  Owens Valley of the 
Cal i fornia  I n s t i t u t e  of Technology revealed the  presence of a polar ized 
s igna l  which comprises 0.6% of Cull i n t ens i ty ;  the pos i t i ona l  angle of the 
polarized component w a s  111'. Howeverythe accuracy of measurements ( 2  1.1% 
of a degree of po lar iza t ion  and f 54' of the pos i t i ona l  angle) was s o  low 
tha t  the  authors themselves d id  not  consider the  da ta  obtained by them t o  
be r e l i ab le .  
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More productive r e s u l t s  of measurements of the polar iza t ion  of the  
in tegra ted  rad ia t ion  of Venus were conducted on the  same instrument by 
Kuz'min and Cla rk  i n  1964 [61]. 
the  10.6 cm wave and equalled 0.8 * 0.5%. 

The degree of po lar iza t ion  was measured on 

In 1964 Kuz'min and Dent [65] conducted measurements on the  sho r t e r  
3.75 cm wave using the 26-meter University of Michigan radiotelescope. 
revealed t h a t  the polar iza t ion  of the in tegra ted  Venus rad ia t ion  on t h i s  wave 
i s  l e s s  than 1%. 

They 

A l l  of the da t a  explained above are  the r e s u l t s  of measurements of the 
in tegra ted  polar iza t ion  of the rad io  frequency rad ia t ion  of the e n t i r e  Venus 
disk. 
i n  polar ized rad ia t ion  has a grea t  deal  of s ign i f icance  i n  solving the 
cardinal problem f o r  the physics of the p lane t  concerning the nature  of 
radio frequency rad ia t ion .  Such measurements were conducted by Kuz'min and 
Clark [61] from May 25 t o  Ju ly  18, 1964 during the time of the inves t iga t ions  
of Venus mentioned above with a high degree of reso lu t ion  on the rad io in te r -  
ferometer of the Cal i forn ia  I n s t i t u t e  of Technology. 

The measurement of the d i s t r ibu t ion  of radioluminescence on the p lane t  

The v i s i b i l i t y  function i s  represented by measured values of t he  
interferometer  i n  two polar iza t ions  : p a r a l l e l  t o  the e f f ec t ive  base o f  the 
interferometer,F I I ,and perpendicular t o  i t , F  1. 
ments are  presented i n  Figure 111.3. The Parameter 8 ,  the  meaning of which 

The r e s u l t s  of these measure- 

w a s  c l a r i f i e d  on page 
20, character izes  the  
s p a t i a l  frequency of 
the interferometer.  
For  fu r the r  analysis  
and comparison of  the 
r e su l t s  of measurement 
car r ied  out under 
various condi t ions,  
approximations t o  the 
v i s  i b i 1 it  y fun c t i on 
were determined through 
the method of l e a s t  
squares f o r  each s e r i e s  
of observations.  
The approximations were /80 
generated by curves of 

P I  QZ 0.3 0.1 Q5 0.6 8.7 4 8 i  0.1 02 03 0.4 0.5 0.6 0.7 e8.B the second order .  For  
research i n t o  the  

Figure I 11.3.  The Results of Measurements o f  t h e  dependence of the 
V i s i b i l i t y  Function of V e n u s  i n  Polar izat ions v i s  i b  i 1 it y fun c t i on 
Para1 le1 F I I and Perpendicular F 1 t o  the Effect-  on polar iza t ion  and on 
i v e  Base of t h e  Interferometer.  T h e  V i s i b i l i t y  the pos i t iona l  angle 
Function of a Uniformly Bright Disk equal t o  of the  base pro jec t ion ,  
t h e  Ephemeris V e n u s  d i s k  is shown by a Continu- the indicated approxi- 
ous L i n e .  mation w a s  made 

separa te ly  f o r  t he  

L - L  I 1 I 0 I 8 -  I a I I )  
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polar iza t ions  p a r a l l e l  F I I and 
interferometer  and f o r  negative p t  < 0) and pos i t i ve  ( t  > 0) hour angles. 
The r e su l t s  a r e  presented i n  Table 1 1 1 . 2  i n  the  form of d i sc re t e  points  
approximating curves. In connection with the fact  t h a t  the approximation was 
generated by a curve of the second order,  the four  poin ts  c i t ed  i n  Table 1 1 1 . 2  
a re  not mutually independent. Therefore the r e su l t i ng  e r r o r  w a s  a l so  
determined d i r e c t l y  by dispers ion.  The pos i t i ona l  angles of the e f fec t ive  
base of the interferometer  x, determined from the r e l a t ionsh ip  (11.14), a r e  
a l so  c i t ed  i n  the tab le .  
small i n t e rva l  B i n  which the measurements were conducted, t he  l i nea r  
dependence F on B with the  angular coef f ic ien t  2.16 w a s  obtained, corres- 
ponding t o  an inc l ina t ion  of the  v i s i b i l i t y  function of t he  uniformly 
br ight  disk.  

erpendicular F I t o  t he  e f fec t ive  base of the  

For the v i s i b i l i t y  function of the  uniformly 

The dependence F on hour angle t w a s  approximated by a parabola. 

e )  Variations i n  Brightness Temperature - /82 

In 1961 Kuz'min and Salomonovich reported [53] the  presence of var ia t ions  
i n  the  br ightness  temperature of Venus on the  9.6 cm wave. 
[[63, 211) revealed tha t ,  due EO an in su f f i c i en t  s igna l  t o  noise  r a t i o J i n  a 
majority of cases i t  was not possible  t o  make an unambiguous determination of 
whether these va r i a t ions  were r e a l  o r  whether they were caused by in su f f i c i en t  
measurement accuracy. However,on two days of observation: on April 4 and 
April 23, 1961, such high brightness temperatures were noted (1,000 - 1,500GK), 
t h a t  they could not be explained as accidental  measurement e r ro r s .  

Subsequent analysis  

Similar  var ia t ions  were not confirmed,however ,by Drake's observations on 
the neighboring 10 cm wave.[152]. According t o  DrakeIs data ,var ia t ions i n  
brightness temperature do not  exceed 7% f o r  an e igh t  minute average and 2% on 
the average f o r  a whole day of observation. 

The f a c t  t h a t  the ind ica ted  disagreements a re  connected with differences 
i n  method of measurement cannot be excluded: Kuz'min and Salomonovich 
determined brightness temperatures from s i n g l e  passages, while the 
brightness temperatures obtained by Drake were averages f o r  an eight  minute 
in t e rva l  and therefore  did not contain information concerning more rapid 
var ia t ions  . 

Additional observations with cha rac t e r i s t i c  times not  longer than one 
minute a re  required t o  solve t h i s  problem. 

The presence of var ia t ions  i n  the  radio frequency rad ia t ion  of Venus were 
noted also i n  the measurements of Boischot and others  [ l l S ]  on the 13 and 2 1  
cm waves and i n  measurements by Barret t  and S t a e l i n  [110] i n  the region of the 
spectrum A = 1 - ' 2  cm, r e f l ec t ing  a t r ans i t i on  from high t o  low brightness 
temperatures. Recently Letfus [216] reported t h e  presence of a cor re la t ion  
between var ia t ions  of T on a 3.3 cm wave i n  accordance with measurements b? 
[13] and s o l a r  ac t iv i ty .  

-. i_ . - - - - . . - 
* The observations were conducted f o r  a period of  41 days. 
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f )  A t t e m p t s  a t  Observation o f  t h e  Radio Frequency Radiation of 
V e n u s  i n  t h e  Decimeter Wavelength Band 

The f irst  p u b l i c a t i o n s  concerning t h e  recept ion  of  c h a r a c t e r i s t i c  r a d i o  
frequency r a d i a t i o n  from Venus were made by Kraus [203, 204, 2051 who reported 
h i s  observat ions of  t h e  r a d i a t i o n  from Venus on t h e  11 m wave. A t  t h e  
Observatory of t h e  Univers i ty  of  Ohio (USA) they r e g i s t e r e d  an impulse type 
s i g n a l  approximately one second and less i n  dura t ion ,  which was a t t r i b u t e d  t o  
r a d i a t i o n  from Venus. 
on t h e  b a s i s  of  which Kraus [205] determined t h e  r o t a t i o n  pesiod o f  Venus t o  

au thor  and a reexamination of o l d  r e s u l t s ,  which he conducted, revealed t h a t  
the  measurement r e s u l t s  [203-2051 were i n  e r r o r .  Apparently t h e  observed 
b u r s t  of r a d i a t i o n  had an e a r t h  o r i g i n .  

A tendency toward an 11-day p e r i o d i c i t y  was a l s o  noted, 

equal e i t h e r  22h17m, o r  13 days. However subsequent observat ions of t h e  /83 

2. Results o f  Radar Measurements of  V e n u s  

P r i c e  and o thers  [270] made t h e  f i rs t  attempt a t  rad io  loca t ion  of Venus 
during the  course of two days i n  February 1958. The measurements were con- 
ducted on 68 c m  with t h e  a i d  of the  26-meter antenna of t h e  Lincoln 
Laboratory of t h e  Massachusetts I n s t i t u t e  of Technology (USA). Due t o  t h e  
low s i g n a l  t o  n o i s e  r a t i o ,  t h e  r e f l e c t e d  s i g n a l  w a s  revealed only through 
s t a t i s t i ca l  ana lys i s .  However of four  s e r i e s  of observat ions subjec ted  t o  
t h i s  a n a l y s i s ,  t h e  s i g n a l  apparent ly  was revealed only i n  two of  these .  
Subsequent measurements, conducted i n  t h e  same labora tory  [256], revealed 
t h a t  t h e  astronomical u n i t  was i n c o r r e c t l y  determined. In  t h i s  connection 
P e t t e n g i l l  [257], one of the  authors  of t h e  work [270], reasoned t h a t  t h e  
s i g n a l  obtained i n  1958 was n o t  a r e f l e c t i o n  from Venus but  w a s  caused by 
some kind of p a r a s i t i c  e f f e c t .  Therefore one may not  consider  r e l i a b l e  t h e  
value of the  e f f e c t i v e  c ross -sec t ion  of t h e  r a d a r  r e f l e c t i o n  of Venus, which 
according t o  t h e  d a t a  of t h i s  experiment i s  equal t o  a c ross -sec t ion  of t h e  
p l a n e t ,  i . e . ,  i s  approximately 10 times l a r g e r  than t h a t  obtained i n  
subsequent measurements. 

A n  at tempt  by P e t t e n g i l l  and P r i c e  [254] t o  conduct r a d a r  s t u d i e s  o f  
Venus near  t h e  next  i n f e r i o r  conjunction i n  1959 a l s o  proved t o  b e  un- 
successfu l :  t h e  r e f l e c t e d  s i g n a l  was not  detected.  

Evans and Taylor [163], a l s o  having conducted r a d a r  s t u d i e s  of Venus i n  
1959 at  t h e  Radio Astronomic S t a t i o n  J o d r e l l  Bank i n  England, repor ted  t h e  
d e t e c t i o n  of a r e f l e c t e d  s i g n a l  exceeding t h e  noise  by 2.5 times and 
corresponding t o  an e f f e c t i v e  c ross -sec t ion  o f  r e f l e c t i o n  0.5% and t o  an 
astronomic u n i t  va lue  coinciding with t h a t  obtained by Price and o t h e r s  [270] ,  
which proved t o  b e  i n  e r r o r .  

The first s u c c e s s f u l  r a d a r  measurements of Venus were conducted near  t h e  
i n f e r i o r  conjunction i n  1961 i n  t h e  USSR by a group of  col leagues of t h e  
I n s t i t u t e  of Radio Technology and Elec t ronics  of  t h e  Academy of Sciences of  
t h e  USSR under the  leadersh ip  of t h e  academician V.A. Kotel 'nikov [43,44,202], 
i n  t h e  USA a t  t h e  Lincoln Laboratory of  t h e  Massachusetts I n s t i t u t e  of 
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Technology by Pe t t eng i l l  and others  [255] and a t  the Jet  Propulsion 
Laboratory of the Cal i forn ia  I n s t i t u t e  of Technology [225, 237, 3251, and i n  
England a t  the Radio Astronomical Observatory Jod re l l  Bank [317]. Basic da t a  
concerning these measurements , and a l so  concerning measurements ca r r i ed  out 
near subsequent i n f e r i o r  conjunctions i n  1962 and 1964 ,are presented i n  Table 
111.3. 

- /86 

In the course of these experiments the  spectrum of the r e f l ec t ed  s igna l ,  
t he  e f f ec t ive  cross-sect ion of the  radar  r e f l ec t ion  and i t s  d i s t r ibu t ion  with 
dis tance,  and a l so  s igna l  propagation time and Doppler frequency s h i f t  were 
measured. 

a) Frequency Spectrum o f  Reflected Radiation. Determination o f  the 
Parameters of  t h e  Rotation of Venus. 

The frequency spectrum of the r e f l ec t ed  rad ia t ion  is  one of the most 
important parameters measured i n  radar  experiment 
generation of unique da ta  concerning the  parameters of the  ro t a t ion  of Venus. 

which has f a c i l i t e d  the 

The first measurements of the frequency spectrum of the r e f l ec t ed  
rad ia t ion  of Venus were conducted i n  1961 i n  the  USSR a t  the I n s t i t u t e  of 
Radio Technology and Electronics  of the Academy of Sciences of the  USSR by 
V.A. Kotel'nikov and others  [43, 441 and i n  the USA a t  the  J e t  Propulsion 
Laboratory of the Cal i fornia  I n s t i t u t e  of Technology [237] and a t  the Lincoln 
Laboratory of t he  Massachusetts I n s t i t u t e  of Technology [255]. 

In agreement with surveys by the I n s t i t u t e  of Radio Technology and 
Electronics of the  Academy of Sciences of the USSR, conducted on the frequency 
of 700 MHz (wavelength 43 cm), the spectrum of the r e f l ec t ed  s igna l  consis ts  
of two components: a narrow band and a wide band component. 

The width of the narrow band component w a s  l e s s  than 4 Hz and i t s  
in t ens i ty  w a s  p r ac t i ca l ly  unchanged f o r  a l l  of the days of observation. 
The wide band component occupied a band of frequencies t o  400 Hz and changed 
grea t ly  from day t o  day. 
band component w a s  commensurate with tha t  of the narrow band component. 

The energy of the r e f l ec t ed  rad ia t ion  i n  the  wide 

Under the assumption t h a t  the wide band component w a s  caused by 
r e f l ec t ion  from the sur face  of Venus and t h a t  t he  dimension of the r e f l ec t ing  
spot ,  analogous t o  the MOOA, i s  equal t o  1/10 of the v i s i b l e  disk of the 
p lane t ,  the period of ro t a t ion  of Venus was determined t o  be g rea t e r  than 
100 days. 

If the wide band component of the r e f l ec t ed  rad ia t ion  is  a r e s u l t  of 
r e f l ec t ion  from the surface of the p lane t ,  then the period of ro t a t ion  of 
Venus m u s t  cons is t  approximately of 11 days, i f  i t s  axis of ro t a t ion  i s  
perpendicular t o  the d i rec t ion  of the ear th  observer. 
be more probable t h a t  the  wide band component i s  caused not by the ro t a t ion  
of Venus, bu t  has another o r ig in , fo r  example it may represent  r e f l ec t ion  from 
areas of moving ionospheric condensation. 

However it appears t o  

- /87 
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TABLE 111.3.  SUMMARY OF RADAR MEASUREMENTS OF VENUS 
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Table I I I .3. (continued) 
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Frequency spectrum surveys i n  the Jet  Propulsion Laboratory and i n  the  
Lincoln Laboratory conducted with a higher  degree of reso lu t ion  a l so  revealed 
t h a t  the rad ia t ion  r e f l ec t ing  spectrum of Venus is  very narrow and corresponds 
t o  a period of planetary ro t a t ion  of from 200 t o  400 days. The wide band 
component of the r e f l ec t ed  s igna l  was not detected i n  these  measurements. 

More complete and accurate da ta  were obtained i n  measurements near  the  
i n f e r i o r  conjunctions o f  Venus i n  1962 and 1964. 

The r e s u l t s  of these  measurements conducted a t  the I n s t i t u t e  of Radio 
Technology andElectronics  of the Academy of Sciences of the  USSR a re  given 
i n  Figure 111.4 i n  the form of dependence of the spectrum width of the  

2 

1,5 
C 

I 

03 

June 1964 
5 10 15 20,25 30 - 

I 
I 

r e f l ec t ed  Eadiation and v i s i b l e  
ro t a t ion  speed of Venus on the obser- 
va t ion  data .  Calculated values of the  
dependence f o r  various periods and 
d i rec t ions  of ro t a t ion  of Venus are 
a l so  shown on the  same f igure .  

The b e s t  agreement of calcu- 
l a t ion  t o  experiment corresponds t o  
re t rograde ro t a t ion  of Venus with a 
period of 230 * 25 days. A comparison 
of the r e s u l t s  of measurements i n  1962 /88 
and 1964 a l so  reveals  t h a t  the axis  of 
ro t a t ion  of Venus i s  close t o  the  

- 

20 25- 30 5 10 15 20 Z5 30 5 10 15 perpendicular t o  the plane of i t s  
Oct. Nov. D e  c; o r b i t  . 

1962 

The r e s u l t s  of analogous measure- 

Figure I 11.4. Angular S p e e d  of the 
Visible Rotation of V e n u s  R ,  Deter- 
mined i n  Accordance w i t h  Doppler 
Broadening of t h e  Reflected Signal 
Spectrum on t h e  43 cm Wave. Measure- 
ment Results a re  Shown by Circles fo r  
1962, and by Squares f o r  1964. Calcu- 
lated Values of R a r e  Indicated by 
Con t i nous L i nes fo r  Ret rog rade Ro- 
ta t ion  and f o r  t h e  Following Periods: 
1 - 200 d a y s ;  2 - 230 days; 3 - 300 
days. 

knowledge of the  radius of the r e f l e c t i  

ments, conducted a t  the J e t  Propulsion 
Laboratory and a t  the Arecibo 
Ionospheric Observatory of Cornel1 
University (USA), a re  shown i n  Figures 
111.5 and 111.6, The da ta  obtained 
a l so  ind ica t e  re t rograde ro ta t ion .  
The value of the  period of ro t a t ion  of  
Venus was determined t o  equal 249 * 6 
and 247 * 5 days according t o  
measurements a t  the J e t  Propulsion 
Laboratory and a t  the Arecibo Obser- 
vatory,  respect ively.  Accuracy i n  the  
determination of the period i s  ac tua l ly  
l imited by uncertainty concerning 

ng sur face  of Venus. 

The long duration of observations of Venus have f a c i l i t a t e d  the acquis i -  
t i on  of more accurate da ta  concerning the or ien ta t ion  of the  axis of the 
ro ta t ion  of Venus. North Pole coordinates have been determined t o  equal 

h m  2 40 ; c1 = 17h04m 6 = 67" * 4" 

76 

I 



90 c I 
a0 - 
70 - 

I 60- 
N 

3. 5 0 -  

40 - 
30 - 

(9 

UI 20 30 9 19 29 9 19 23 
June July 
1964 

May 

Figure 111.5.  Maximum (from l i m b  t o  l i m b )  
Doppler Broadening of t h e  Spectrum o f  
Reflected Radiation o f  V e n u s  on t h e  12.5 
c m  Wave as a Function o f  Measurement Data. 
T h e  Curved L i n e  Corresponds t o  Retrograde 
Rotation w i t h  a Period o f  249 Days and t o  
Or ien ta t ion  of  t h e  North Pole of t h e  Axis 
o f  Rotation c1 = 17h0bm; 6 = 67". 

P P 

i n  t h e  e q u a t o r i a l  system o f  
coordinates  and X = 164"; 
f3 = 84O i n  t h e  e c l i p t i c  
system of coordinates  i n  t h e  
Jet Propulsion Laboratory 
(JPL) experiment and 

= 80 f 30"; $ = 86 f 2" 

a = 4h36m; 6 = 71" 

i n  t h e  experiment a t  t h e  
Arecibo Ionospheric Observatory. 

S p e c t r a l  measurements 
conducted by Ponsonby and 
o t h e r s  [268] a t  the  Universi ty  
of  Manchester (England) and 
Evans and o t h e r s  [165] a t  t h e  
Lincoln Laboratory o f  t h e  
Massachusetts Ins  ti t u t e  of 
Technology were coarser ,  b u t  
d id  n o t  c o n t r a d i c t  t h e  d a t a  
c i t e d  above. 

The r e s u l t s  of t h e  
i n v e s t i g a t i o n s  mentioned above concerning t h e  r o t a t i o n  of Venus were obtained 
from spec t roscopic  r a d a r  measurements of t h e  p l a n e t .  
kind of markings on t h e  p lane tary  s u r f a c e  , possessing r a d i a t i o n  r e f l e c t i o n  
c h a r a c t e r i s t i c s  d i f f e r e n t  from t h e  average i n  t h e  r a d i o  wave band and obtained 
through t h e  high degree of r e s o l u t i o n  achieved i n  r a d a r  measurements of Venus 
based on s e l e c t i o n  i n  time and i n  frequency, makes it p o s s i b l e  t o  measure t h e  
r o t a t i o n  o f  Venus by using ordinary geometric means i n  t h e  observat ion o f  t h e s e  
markings on the  v i s i b l e  p lane tary  d i s k .  The f i rs t  measurements of t h i s  type 
were made by Goldstein and Carpenter i n  1962 [171]. 

The ex is tence  of some 

They noted a component corresponding t o  increased  r e f l e c t i o n  i n  t h e  
r e f l e c t e d  s i g n a l  spectrum. The p o s i t i o n  of t h i s  component changed systema- /90 
t i c a l l y  from day t o  day. 
r e l a t i v e  t o  t h e  n u l l  frequency which corresponds t o  t h e  c e n t r a l  meridian of 
Venus is  shown i n  Figure 111.7. 
the  o r d i n a t e  a x i s  of t h e  graph. 
i d e n t i f i e d  components, and t h e  dashed squares  t o  doubtful  ones. The 
width of the  squares  c h a r a c t e r i z e s  t h e  width of t h e  spectrum o f  t h e  r e f l e c t e d  
components. 

The s h i f t  of t h i s  component on t h e  spectrum 

The d a t e s  of observat ions a r e  p l o t t e d  along 
The darkenedsquares correspond t o  w e l l  

The r e l a t i v e  constancy of t h i s  component i n d i c a t e s  t h a t  it i s  r e a l l y  
caused by some kind of e x i s t i n g  formation on t h e  s u r f a c e  of Venus and t h a t  i t s  
movement i s  t h e  r e s u l t  of t h e  r o t a t i o n  of Venus. 

The r e l a t i o n s h i p  between t h e  v i s i b l e  angular  speed of r o t a t i o n  of t h e  
planet,R,and t h e  speed of  component s h i f t  i n  t h e  frequency spectrum of  t h e  
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f0 

dates 

r e f l ec t ed  s igna l  ,v ,is expressed 
by the  re la t ionship  

- 
A. 

2R 
Q = __ (sec cp sec *.;)''*, 

where A i s  the  wavelength i n  the 
experiments conducted, (p and Q 
are  the  p lane tocent r ic  l a t i t u d e  
and longitude of the observed 
formation*. 

- 

-1 (2.0+0'87 x radian * sec  . -0.41 When viewed 

under the assumption t h a t  the ro t a t ion  axis  
is  perpendicular t o  the  plane of the planetary 
o r b i t , t h e  da t a  obtained correspond t o  d i r e c t  
ro t a t ion  with a period of 1,200 days o r  t o  
retrograde ro t a t ion  with a period of 

230-50 days, which corresponds well  with the  

r e s u l t s  of spectroscopic measurements. 

+ 40 

I t  must be noted however t h a t  due t o  the /91 Figure I I I .7. Frequency - 
rapid decrease and the  value of r e f l ec t ion  
from the i n i t i a l  point  of contact toward the 
limb of the p lane t ,  the measured value of the 
f u l l  width of  the spectrum of the r e f l ec t ed  

S h i f t  of a Spectrum Component 
Relative t o  t h e  Central Fre- 
quency and Plot ted Against 
-the Date. 
-is calculated from the  cen t r a l  meridian. 
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s i g n a l  may be unders ta ted  i n  comparison with t h e  true va lue .  This leads t o  
an overstatement of t h e  longi tude of  t h e  formation and of t h e  angular  speedand 
t o  an understatement o f  t h e  per iod  of r o t a t i o n .  
4 < 45" and $ < 45', t h e  r e s u l t s  of t h e  c a l c u l a t i o n  according t o  t h e  formula 
(111.1) depends very l i t t l e  upon 4 and 9. 

Measurements by Carpenter i n  1964 [130] i n  t h e  r e f l e c t e d  s i g n a l  spectrum 

However,within t h e  l i m i t s  

revealed two components, one of which, denoted as A, is  an area which may 
correspond t o  components which were observed i n  1962. 
1962 and 1964 components occurs when t h e  p e r i o d  of r o t a t i o n  of Venus i s  equal 
t o  245 days, g iv ing  i n  t h i s  manner s t i l l  another  independent determinat ion of 
t h i s  parameter. S t i l l  another  independent c a l c u l a t i o n  of  t h e  r o t a t i o n  per iod  
of Venus w a s  made on t h e  b a s i s  of r e s u l t s  of r a d a r  measurements conducted i n  
Peru [201] on g 6 m wave. During fad ing  condi t ions o f  t h e  r e f l e c t e d  s i g n a l  
t h e  per iod  of r o t a t i o n  w a s  c a l c u l a t e d  t o  t a k e  about 180 t o  280 e a r t h  days. 

Such a congruence of  

Recent determinat ions of  t h e  elements of r o t a t i o n  of  Venus were conducted 
by Goldstein [267] through observa t ion  o f  spectrum components of depolar ized 
p l a n e t a r y  r e f l e c t i o n .  The comparison of observat ions n e a r  t h e  i n f e r i o r  
conjunctions of t h e  p l a n e t  i n  1964 and 1966 r e s u l t e d  i n  re t rograde  r o t a t i o n  
with a per iod  of 242.6 5 0.6 days and coordinates  of t h e  North Pole a = 
= 18h32m f 20m; b '= 69 * 2' i n  t h e  e q u a t o r i a l  system of  coordinates  and 
h = 311'; 6 = 86' i n  e c l i p t i c a l  coordinates .  

I n  1962 t h e  wide band component w a s  again noted i n  measurements a t  t h e  
I n s t i t u t e  of  Radio Technology and E l e c t r o n i c s  of t h e  Academy of Sciences of 
t h e  USSR near  the  i n f e r i o r  conjunct ion and w a s  of approximately t h e  same 
i n t e n s i t y  as i n  1961. 
USA. 

This component w a s  n o t  de tec ted  i n  measurements i n  t h e  

b )  Reflection Function 

The i n v e s t i g a t i o n  of t h e  s t r u c t u r e  of t h e  s u r f a c e  of Venus from t h e  p o i n t  
of  view of the  unevenness of i t s  re l ie f  i s  one of t h e  important quest ions of 
Venus physics.  As shown i n  5 1 1 . 3  such d a t a  may b e  obtained on t h e  b a s i s  of 
ana lys i s  of t h e  r e f l e c t i o n  func t ion  of  r a d i o  waves from Venus". 

Measurements of  the  d i r e c t i o n a l  c h a r a c t e r i s t i c s  of  r e f l e c t i o n  from Venus 
were conducted i n  t h e  USSR and i n  t h e  USA i n  a wide band of wavelengths. The 
func t ion  of r e f l e c t i o n  of Venus, p l o t t e d  as a r e s u l t  of measurements on t h e  
12.5 cm [129], 23 cm [165], 43 un [47] and 70 c m  [158] waves a r e  shown i n  
Figures 111.8, 9 ,  10 and 11. 

The presence i n  t h e  r e f l e c t i o n  func t ion  of a . s h a r p  maximum n e a r  8 = 0 ,  
corresponding t o  quas i - specular  r e f l e c t i o n ,  is  a genera l  r e s u l t  of a l l  - /93 
measurements. A l a r g e  p a r t  o f  the  energy of t h e  r e f l e c t e d  s i g n a l  i s  included 
i n  t h e  quas i - specular  component. 

I t  must b e  kept  i n  mind t h a t  a comparative a n a l y s i s  of t h e  r e f l e c t i o n  
funct ion obtained during d i f f e r e n t  measurements ( f o r  example, t h e  
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development of i t s  depen- 
.dence on wavelength) i s  
p o s s i b l e  only f o r  measure- 
ments conducted with iden- 
t i c a l  r e s o l u t i o n .  There- 
f o r e  t h e  func t ions  from 
Venus c i t e d  i n  Figures 
111.8 t o  11, i n  p a r t i c u l a r ,  
may not  be d i r e c t l y  com- 
pared.  I t  i s  p o s s i b l e ,  
however, t o  perform an ana- 
l y s i s  of  t h e  dependence on 
wavelength based on t h e  
r e d i s t r i b u t i o n  of t h e  ener-  
gy between t h e  quasispecu- 
l a r  and t h e  d i f f u s e d  com- 
ponent of  r e f l e c t i o n .  

Figure I I I .8. C h a r a c t e r i s t i c  Curve of t h e  
Reflect ion from Venus,  f o r  t h e  12.5 Wave . The r e f l e c t i o n  funct ion 

i s  approximated f o r  t h e  12.5 
c m  wave by t h e  a n a l y t i c a l  
fun c t  ion  

208 e-16,5sinR ' cos2 0, +209 F (6) = - 
209 

1 + loa cos 8 

Figure I I I .9. C h a r a c t e r i s t i c  Curve 
of Reflect ion from V e n u s  f o r  t h e  
23 cm Wave. 

analogously appl ied  by Evans and /94 
P e t t e n g i l l  f o r  t h e  Moon [164]. 
I n t e g r a t i o n  of t h i s  func t ion  with t h e  
a i d  of (11.93) r e v e a l s  t h a t  t h e  
d i f f u s e d  component comprises 28% of 
t h e  f u l l  energy of t h e  r e f l e c t e d  
s i g n a l .  

23 cm wave approximates  COS^/^ 8 ;  
however, o f  t h e  forms cos '8 and 
cos 8 a r e  a l s o  not  excluded wi th in  
t h e  accuracy imposed by measurement 
e r r o r  v a r i a t i o n s .  The d i f f u s e d  com- , 
ponent,  determined by i n t e g r a t i o n  
under a s t r a i g h t  l i n e  of log cos 
3/2 6, comprises 1 1 . 2 %  of  t h e  f u l l  
energy of t h e  r e f l e c t e d  s i g n a l .  

The d i f fused  component f o r  t h e  

On a 43 cm,wave the  measured p a r t  of t h e  r e f l e c t i o n  func t ion  wi th in  
t h e  l i m i t s  0 < 8 < 50' does not  support  t h e  p o r t i o n  descr ibed  by t h e  l a w  
cos2 e .  t h e  r e f l e c t i o n  is  d i f f u s e d ,  w e  f i n d  
t h a t  t h e  diffused component comprises 10% of t h e  f u l l  energy of t h e  r e f l e c t e d  

Assuming t h a t  when e > 50' 
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s i g n a l .  However , i n  connection 
with t h e  lack of  measurements i n  
t h i s  area, t h e  ind ica ted  
eva lua t ion  i s  considered t o  be 
only an upper l i m i t .  

On t h e  70 cm wave t h e  
d i f f u s e d  component i s  15% of t h e  
f u l l  energy of the  r e f l e c t e d  
s i g n a l .  

A comparison o f  t h e  d a t a  
c i t e d  above i n d i c a t e s  an increase  
i n  t h e  s p e c i f i c  g r a v i t y  o f  t h e  
d i f f u s e d  component w i t h  a 
decrease i n  wavelength on waves 
s h o r t e r  than 23 c m .  

The problem concerning t h e  
c h a r a c t e r  of r e f l e c t i o n  from 
Venus i n  t h e  3 c m  wave band i. -95 L 

I so f a r  n o t  c l e a r .  Thus, accor- 
1 + log COS e ding t o  r e s u l t s  of measurements 

i n  i964 on t h e  3.6 c m  wave [196] , 
t h e  observers  came t o  t h e  con- 
c lus ion  t h a t  t h e  r e f l e c t e d  r a -  

F i g u r e  I I I .  10. C h a r a c t e r i s t i c  Curve of 
Reflect ion from V e n u s  f o r  t h e  43 cm Wave. 

d i a t i o n  spectrum d i d  not  conta in  
a quas ispecular  component and t h a t  a l l  of t h e  r e f l e c t i o n  was d i f f u s e d .  How, 
ever ,  according t o  measurements i n  1966 [288], t h e  r e f l e c t i o n  funct ion from 
Venus f o r  t h e  3.8 c m  wave i s  s i m i l a r  t o  t h e  r e f l e c t i o n  funct ion f o r  t h e  12.5 
c m  wave (see Figure 111 .8) ,  though d i f f e r i n g  from t h e  l a t t e r  only by a more 
rap id  decrease o f  r e f l e c t i o n  a t  t h e  edge of t h e  p l a n e t .  A s  a p o s s i b l e  i n -  
t e r p r e t a t i o n  of t h i s  d i f f e r e n c e  Smith [288] pointed out t h e  absorpt ion of  
r a d i a t i o n  a t  wavelength 

c) Effec t ive  Cross-Section of Reflect ion 

The r e s u l t s  of measurements of t h e  e f f e c t i v e  c ross -sec t ion  cre of  r a d a r  
r e f l e c t i o n  from Venus a r e  summarized i n  Table 111.3 and a r e  represented 
on the  graph of Figure 111 .12  i n  t h e  form ae as a f u n c t i o n  of wavelength A .  

An examination o f  t h i s  graph shows t h a t  cr apparent ly  does not  depend e 
upon wavelength and equals approximately 0.15 i n  t h e  band of wavelengths 
from 20 t o  70 cm, and s i g n i f i c a n t l y  decreases  on t h e  s h o r t e r  waves. 
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F igu re  I I I .  1 1 .  C h a r a c t e r i s t i c  Curve o f  t he  R e f l e c t i o n  
f rom Venus f o r  th.e 12.5 cm Wave. 

4 25 

F igu re  I I I .  12. E f f e c t i v e  Cross-sec t ion  of Radar 
R e f l e c t i o n  from Venus as a Func t i on  o f  Wavelength. 
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/96 
The values  u entered  i n  Table 111.3 and i n  Figure 1 1 1 . 1 2  a r e  averages e 

f o r  t h e  per iod o f  observa t ions .  However, the  changes revea l  t h a t  t h e  e f f e c t i v e  
c ross -sec t ion  of t h e  r e f l e c t i o n  from Venus changes with t ime.  I n  measurements 
conducted i n  1962, v a r i a t i o n s  i n  t h e  e f f e c t i v e  c ross -sec t ion  of t h e  r e f l e c t i o n  
were noted on 12.5 cm [172], 43 cm [45],  6 m [201] and 7.85 m [185] waves. 
On t h e  43 cm wave; t h e  value CI was changing i n  var ious days of  observat ion 

wi th in  t h e  l i m i t s  0.12 t o  0.18. On t h e  6m and 7.85 m waves t h e  changes i n  
u were s i g n i f i c a n t l y  la rge :  on s e p a r a t e  days u reached 0 .6 .  I n  measurements 

conducted i n  1964 on t h e  70 cm wave, t h e  value u underwent changes from 0.06 

t o  0 .24.  In t h e  opinion of  t h e  p a r t i c i p a n t s  i n  t h i s  experiment, t h i s  change 
was d e f i n i t e  and was conne.cted with t h e  passage of p a r t s  of the  p l a n e t  with 
d iverse  r e f l e c t i n g  c a p a b i l i t y  through t h e  a r e a  surrounding the  poin t  of i n i t i a l  
contac t .  A comparison of t h e  r e s u l t s  of measurement on var ious waves r e v e a l s  
t h a t  the  amount of v a r i a t i o n s  i n  CI apparent ly  depends on the  wavelength A a t  

which t h e  measurements a r e  conducted, increas ing  with an increase  i n  A .  

, 

e 

e e 
e 

e 

Besides the  i n d i c a t e d  r e l a t i v e l y  r a p i d  v a r i a t i o n s  i n  CI with a charac te r -  e 
i s t i c  t imeof  the  o r d e r  of  s e v e r a l  days, a change i n  average values may a l s o  
occur i n  t h e  e f f e c t i v e  c ross -sec t ion  Q €  r e f l e c t i o n  from one i n f e r i o r  conjunction 
t o  another.  Thus i n  measurements c a r r i e d  out  i n  1964 on t h e  12.5 and 43 c m  
waves, t h e  average values  u f o r  t h e  per iod  of observat ions increased i n  

comparison with 1962 by approximately 20%. However t h i s  r ise  is  on t h e  
border  of  measurement e r r o r  and demands a d d i t i o n a l  confirmation. According 
t o  prel iminary r e s u l t s  of measurements on t h e  3 . 8  c m  wave, conducted i n  1966 
[288, 2891, the  value ue  was def ined  as 0.0125 * 0.007, which confirms d a t a  

obtained ear l ier  concerning a sharp  decrease i n  u i n  t h e  cent imeter  wave e 
band. Besides t h i s ,  measurements i n  1966 revealed a tendency toward an 
increase i n  t h e  e f f e c t i v e  c ross -sec t ion  o f  r e f l e c t i o n  i n  proport ion t o  an 
i n c r e a s e  i n  t h e  p a r t  of t h e  v i s i b l e  d i s k  of t h e  p l a n e t  i l lumina ted  by t h e  Sun. 
Smith [288] assumes t h a t  such a phase dependence apparent ly  may be i n t e r p r e -  
t e d  by a change i n  t h e  atmospheric absorpt ion of Venus during a change i n  t h e  

e 
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i l lumina t ion  of  t h e  p l a n e t  by t h e  Sun. I n  t h i s  case one could expect non- 
symmetry of  t h e  spectrum of t h e  r e f l e c t e d  s i g n a l ,  caused by a d i f f e r e n c e  i n  
atmospheric absorp t ion  on t h e  i l lumina ted  and non-il luminated s i d e s  o f  t h e  
p l a n e t .  However, t h e  experiment [288] de tec ted  no s p e c t r a l  asymmetry. 

d )  Depolarization of Reflected Radiation 

As is  known,when r a d i a t i o n  with a c i r c u l a r  p o l a r i t y  i s  r e f l e c t e d  from a 
smooth sphere , the  s i g n  of t h e  p o l a r i z a t i o n  i s  reversed.  
t r a n s m i t t i n g  apparatus  emits f o r  example a s i g n a l  with r i g h t  c i r c u l a r  p o l a r i -  
za t ion ,  t h e  rece iv ing  antenna must b e  adapted f o r  t h e  recept ion  of  a r e f l e c t e d  
s i g n a l  with l e f t  c i r c u l a r .  p o l a r i z a t i o n .  However, upon r e f l e c t i o n  from a rough 
s u r f a c e  t h e  s i g n a l  i s  p a r t i a l l y  depolar ized.  This component of t h e  r e f l e c t e d  
signa1,which i s  a c h a r a c t e r i s t i c  of  a rough r e f l e c t i n g  s u r f a c e ,  may b e  
measured upon recept ion  by an antenna having t h e  same p o l a r i z a t i o n  as t h e  
t r a n s m i t t i n g  antenna. 

Therefore i f  a 

Measurements of t h e  depolar ized r e f l e c t i o n  from Venus were conducted on 
t h e  12.5 cm wave [217, 2181. I n  agreement with t h e  l as t  measurements i n  1964 
[129], which are apparent ly  h ighly  accura te ,  t h e  e f f e c t i v e  c ross -sec t ion  o f  t h e  
r a d a r  r e f l e c t i o n  from Venus i n  depolar ized r a d i a t i o n  comprises Oed = 0.0066 -t 

* 0.005, i . e . ,  12.4 db less than when measured with matching p o l a r i z a t i o n .  

The r e f l e c t i o n  func t ion  of t h e  depolar ized component i s  c l o s e  t o  
 COS^ e. 

e)  Components of t h e  Spectrum 

As  has a l ready  been mentioned above, i n  measurements by Goldstein and 
Carpenter [171] on t h e  12.5 cm wave components were revealed i n  t h e  r e f l e c t e d  
s i g n a l  spectrum corresponding apparent ly  t o  l o c a l  a reas  i n  t h e  sur face  of  t h e  
p l a n e t  with an increased r e f l e c t i o n  c a p a b i l i t y .  
such a component i s  shown i n  Figure 111.13. The l o c a t i o n  of  t h e s e  p a r t i c u l a r  
a reas  on t h e  p l a n e t ,  determined i n  accordance with measurements by Goldstein 
and Carpenter i n  1964 [173], i s  shown i n  t h e  fol lowing Figure 111.14 .  

Measurements conducted i n  t h e  same y e a r  a t  t h e  I n s t i t u t e  of Radio 
Technology and Elec t ronics  of  t h e  Academy of Sciences of  t h e  USSR a l s o  
revealed a spectrum component i n d i c a t i n g  an area of increased  r e f l e c t i o n  
(Figure 111.15). This a r e a  coincides with t h e  area B i n  Figure 111.14. 

An example of a spectrum with 

Measurements conducted a t  t h e  Arecibo Ionospheric  Observatory on t h e  
70 cm wave a l s o  confirmed t h e  presence of def ined areas  of increased  
r e f l e c t i o n .  The area A, having i n t e r s e c t e d  on J u l y  23, 1964 t h e  c e n t r a l  
meridian of Venus,is a r e l a t i v e l y  narrow formation ( t h e  width is less than 
900 km) Area B i s  more complex and extends 
f u r t h e r .  

extending along t h e  meridian.  

- /97 

84 



N L 

S 

Figure 111.13. Frequency Spectrum of Figure 111 .14 .  Chart of t h e  Locations 
Reflection from Venus f o r  t h e  12 .5  cm of t h e  Areas of Increased Reflection 
Wave i n  May 19 ,  1964. Areas of from Venus according t o  Measurement 
Increased Reflect ion a r e  Marked by Data on t h e  12.5 cm Wave i n  1964. 
Arrows. 

Nothing is known concerning t h e  n a t u r e  and t h e  s t r u c t u r e  of  t h e s e  a reas .  
I n  t h i s  connection it i s  i n t e r e s t i n g  t o  note  t h a t  they a l s o  produce depolar- 
i z e d  r e f l e c t i o n  (see Figure 111.16). 

Measurements of depolar ized r e f l e c t i o n ,  c a r r i e d  out  by Goldstein i n  1966 
[ 2 6 7 ] ,  revealed t h r e e  a d d i t i o n a l  p a r t i c u l a r  a reas .  The p l a n e t o c e n t r i c  / 100 
coordinates  of t h e  centers  of t h e s e  areas  are shown i n  t h e  t a b l e  i n  Figure 
111.3. The meridian which passes  through the  center  o f  a r e a  A has been taken 
as t h e  zero  meridian.  
i n c r e a s e  i n  longi tude of the  p o i n t  of i n i t i a l  contac t  during p l a n e t a r y  
r o t a t  ion.  

Longitude bear ing a p o s i t i v e  s i g n  corresponds t o  t h e  
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F igu re  I I I .  15. Frequency Spectrum F igure  I I I .  16. Frequency Spectrum of 
of R e f l e c t i o n  f rom Venus f o r  the  43 cm the  Depo lar ized  Component o f  Re f lec ted  
Wave, June 12, 1964. The area of Rad ia t i on  f rom Venus f o r  the 12.5 cm 
increased R e f l e c t i o n  is marked by an Wave, June 25, 1964. 
Arrow; u i n d i c a t e s  t h e  Root-Mean- 
Square E r r o r  o f  Measurements. 
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CHAPTER I V  

A DISCUSSION OF EXPERIMENTAL DATA 
PHYSICAL C O N D I T I O N S  ON V E N U S  

1 .  A Discussion o f  t h e  Spectrum o f  Radio Frequency Radiation 
Mode 1 s o f  Venus  

/ l o 1  

a )  A Model of Venus  w i t h  a Transparent Atmosphere f o r  Radiowaves. 

The ex is tence  of  a s t r o n g  dependent of  t h e  magnitude of  t h e  varying com- 
ponent of p l a n e t a r y  b r i g h t n e s s  temperature ,  averaged by t h e  d i s k ,  on wave- 
length ,  (as occurs on t h e  Won [51] , could be one of t h e  p o s s i b l e  reasons f o r  
t h e  observed d i f f e r e n c e  i n  t h e  b r i g h t n e s s  temperature of  Venus i n  t h e  c e n t i -  
meter and mi l l imeter  wave bands. However, such an assumption i s  not  confirmed 
by d i r e c t  measurements of t h e  phase dependence of t h e  b r i g h t n e s s  temperature of 
Venus according t o  which t h e  magnitude of t h e  varying component on t h e  8 mm 
wave was only about 40"K, a t  t h e  time t h a t  t h e  d i f f e r e n c e  i n  br ightness  tem- 
p e r a t u r e  on t h e  8 mm and 3 c m  waves reached approximately 200°K. 

As i s  known [51],  t h e  constant  component o f  t h e  br ightness  temperature 
for t h e  Moon, a s  wel l  as f o r  Venus, decreases  with a reduct ion i n  wavelength. 
For  t h e  Moon t h i s  decrease i n d i c a t e s  an i n c r e a s e  i n  t h e  temperature i n  t h e  
depths of the  Moon, which is i n t e r p r e t e d  by Krotikov and T r o i t s k i y  [50] as 
a t t e s t i n g  t o  the  presence of h e a t  f l u x  from th'e i n t e r i o r  of t h e  Moon. 
p r i n c i p l e ,  a s i m i l a r  mechanism could a l s o  t a k e  p l a c e  on Venus as wel l .  
However even i n  a case when t h e  m a t e r i a l  o f  the  s u r f a c e  of t h e  p l a n e t  i s  a 
d i e l e c t r i c  with very low l o s s e s ,  f o r  example ai iar tz .with tan A = 2 * 

a temperature grad ien t  of grad T = 20 deg - m i s  necessary f o r  an i n t e r -  
p r e t a t i o n  of t h e  f a l l  of b r i g h t n e s s  temDeratures, measured on t h e  8 mm and 3 cm/102 
waves. We are reminded t h a t  f o r  t h e  Earth,grad T = 0.025 deg - m-'. 
t h e  Moon,according t o  an eva lua t ion  by Krotikov and T r o i t s k i y  [SO], grad T = 
= 1.6  deg * m - l .  
s h i p  

In 

f o r  
-1 

- 
For 

Heat f l u x  dens i ty  i s  determined by t h e  w e l l  known r e l a t i o n -  

q = k * grad T, (IV. 1) 

-2  -1 
where k i s  thermal conduct iv i ty .  F o r  q u a r t z ,  k = 0.02  cal - c m  sec c m  - deg-l .  
d e n s i t y  q = 4 - i s  necessary,  i . e . ,  3 .5  orders  of  mag- 
n i t u d e  g r e a t e r  than t h e  i n t e r n a l  hea t  f l u x  on t h e  Earth.  If t h e  h e a t  f l u x  
from t h e  i n t e r i o r  of  Venus is  equal t o  t h a t  o f  Earth,  t h e  material of t h e  
r a d i a t i n g  l a y e r  must have a product of t h e  thermal conduct iv i ty  with t h e  l o s s  
tangent  equal t o  

Thus t o  support  t h e  temper t u r e  grad ien t  of 20 deg - m-', a h e a t  f l u x  -jt c a l  - cm-2 sec 

-9 k t a n  A = 10 , - 
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which is  one order  smaller  
surface layers  of the  Moon consis t ing apparently of f ro thy  material located 
e s s e n t i a l l y  i n  a vacuum. 
heavy atmosphere a l so  seems unl ike ly .  

than the  corresponding parameter,even f o r  the  

Therefore t h i s  p o s s i b i l i t y  f o r  a p lane t  with a 

The inves t iga t ion  c i t e d  w a s  ca r r ied  out under t h e  assumption t h a t  the 
rad ia t ing  capabi l i ty  of the  surface of Venus, determined by the re la t ionship  
( I I .32) ,  does not depend upon wavelength A .  However, i n  a general  case, t he  
d i e l e c t r i c  pe rmi t t i v i ty  E , and therefore  rad ia t ion  capabi l i ty ,  a r e  functions 
of A .  The character  of t h i s  dependence i s  determined by the  type of polar-  
i za t ion .  
depend on wavelength [ 8 5 ] .  For d i e l e c t r i c s  with o r i en ta t iona l  po lar iza t ion ,  E 

increases  with an increase  i n  A near the c r i t i c a l  wavelength defined by the  
relaxat ion time i n  t h i s  d ie lec t r ic ,and  does not depend on A f a r  from the  
c r i t i c a l  wave. The values of c r i t i c a l  waves and of t he  change i n  E are  d i f -  
fe ren t  f o r  various substances. However, E does not increase with a lengthened 
wave fo r  a s ing le  one of the  well known s o l i d  o r  l iqil id d i e l e c t r i c s .  
rad ia t ion  capabi l i ty  Ev and E 
wavelength . 

For d i e l e c t r i c s  with e lec t ron  and ion polar iza t ion ,  E does not  

Therefore 
may only increase with a shortening of the  h 

The influence of roughness may a l so  ac t  only i n  the  d i r ec t ion  of increas-  

b 
Therefore it i s  not considered possible  t o  explain the  experimentally ob- 

ing T with a decrease i n  A .  

served decrease i n  br ightness  temperatures of Venus i n  the  mil l imeter  wave band 
by the  frequency dependence E 

(v 1 
The mechanism discussed above of frequency dependence of br ightness  

/ lo3 temperature of Venus per ta ined t o  a case when a l l  of  the r ad ia t ion  of the - 
planet  w a s  assumed t o  be caused only by the surface.  
atmosphere of Venus may be absorbent, and therefore  a l so  rad ia t ing  within the  
radio wave band. 

However the  dense 

Atmospheric absorption occu;rs i n  a general  case through molecular 
absorption by component gases of the  atmosphere, through absorption by aerosol 
p a r t i c l e s  and through absorption by charged p a r t i c l e s  located i n  the  iono- 
spheric  layers of the atmosphere. A l l  of the ind ica ted  types of absorption 
a re  considered se l ec t ive .  This s e l e c t i v i t y  opens new p o s s i b i l i t i e s  f o r  the  
construction o f  models of Venus, complying with the  experimental spectrum 
of br ightness  temperature. 

Models of Venus with s e l e c t i v e  absorption of rad io  waves i n  i t s  atmosphere 
reduce, i n  f a c t ,  t o  two groups. 

In the f i r s t  group of models, l a t e r  ca l led  models with a "cold atmos- 
phere", i t  is assumed t h a t  the atmosphere of Venus i s  colder than the surface 
and t h a t  the atmosphere i s  absorbent i n  the  mil l imeter  band and transparent 
on longer waves (see Figure IV.l ) .  

In  t h i s  case planetary rad ia t ion  i n  the  centimeter band is  emitted from 
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the  r rhotrr  planetary surface.  
decrease i n  brightness temperature on the 
sho r t e r  waves is caused by absorption and 
re-emiSsion by the colder atmosphere. 

An ac tua l  

In  the second group of models, ca l led  
models with a "hot atmosphere", i t  is assumed 
t h a t  the atmosphere of Venus contains a 
ce r t a in  e l e c t r i c a l l y  ac t ive  medium, which i s  

1 fa f00 considered t o  be the source of high tempera- 
t u r e  rad ia t ion  i n  the centimeter and deci-  
meter wavelength bands. In  the mil l imeter  / lo4  
band t h i s  medium is  assumed t o  be transparent 
(Figure IV.1) and observed rad ia t ion  is  
caused by the  planetary surface,  which has a 
r e l a t ive ly  lower temperature. 

A, cu 

M co 1 d" ab s orb ent 

41 

I 
We w i l l  examine i n  d e t a i l  the indicated 

groups of Venus models. 

b )  A Model of Venus w i  t h  a "Cold" Atmos- 
a p he re 

The model of Venus with a "cold" atmos- Figure I V . l .  Schematic 
phere w a s  suggested i n  1959 by Kuz'min and Representation o f  Absorp- 
Salomonovich [52] f o r  the in t e rp re t a t ion  of t ion as a Function o f  a measured (by the authors) reduction i n  Wavelength i n  Models of  
brightness  temperature of Venus i n  the m i l l i -  Venus w i t h  "cold" and  
meter band i n  comparison with brightness "hot" Absorbent Atmos - temperature on centimeter waves (Figure I V .  2 ) .  pheres. 
I n  recent years a s e r i e s  of attempts t o  
in t e rp re t e  the  r e su l t s  of changes with the 

a id  of a model of Venus with a "cold" atmosphere consis t ing of various com- 
ponents, present o r  an t ic ipa ted  i n  the atmosphere of Venus 
be absorbent i n  the mil l imeter  wave bandhave been undertaken. 

and considered t o  

In connection with the fact  tha t  the  first,  and s o  f a r  the s ing le ,  
r e l i ab ly  establ ished component i n  the atmosphere of Venus i s  carbon dioxide, 
the f i r s t  quan t i t a t ive  inves t iga t ion  of the model of Venus with a "cold" 
atmosphere, conducted by Barre t t  [106], per ta ined t o  carbon dioxide. 

Under normal pressure C02 is  a symmetrical molecule, incapable of 
reac t ion  with u l t rah igh  frequency rad ia t ion  and therefore  not  inducing 
absorption. However, a t  e levated pressures  generated during molecular 
co l l i s ions ,  deformations c rea t e  f o r  a sho r t  t i m e  an induced dipole  moment, / 105 
which generates non-resonant absorption of u l t rah igh  frequencies.  
coe f f i c i en t  of absorption depends upon pressure p and on frequency v and is  
determined by the  r e l a t ions  h ip  

The 
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Low- temperature 
radiation o f  
m i  1 1  imeter waves 
High- temperature 
radiation o f  
cen t i  meter waves 

radiation o f  
centimeter waves 
Low- temperatu re 
radiation of 
millimeter waves 

ionosphere 

p"' x = x o -  
T m  ' (11.27) 

A ca lcu la t ion  made by 
Barrett f o r  the Venus atmos- 
phere, consis t ing of 75% 
C 0 2  and 25% N 2 ,  revealed 

t h a t  with a pressure near 
the  surface of 30 a t m ,  
s a t i s f a c t o r y  agreement 
occurs with da ta  known t o  
the author a t  the  t i m e ,  with 
observations on the  8 mm, 
3 and 10 cm waves. 

The calculated pressure 
on the surface of the  cloud 
layer  f o r  CO, - N, i n  the 

L L 

Figure IV.2. Models o f  V e n u s  w i t h  "Cold" atmosphere w a s  determined 
and "Hot" Atmospheres. by Barrett t o  equal 1.1 atm, 

lower than the  quant i ty  90 mb 
screening of Regulus [27]. 
calcii lation by Sagan [282]. Besides t h i s ,  Sagan re fu ted  Barret t  ' s  acceptance, 
f o r  the non-illuminated s i d e  of Venus, of the  ad iaba t ic  temperature gradient  
i n  the atmosphere under the clouds on the bas i s  of ava i lab le  da t a  concerning 
s ign i f i can t  phase va r i a t ions  i n  brightness temperature. 
Sagan's opinion, a s ign i f i can t ly  higher temperature on the  i l luminated s i d e  of 
the planet .  This w a s  i n t e rp re t ed  by Sagan as an ind ica t ion  t h a t  the  tempera- 
t u re  gradient  on the non-illuminated s ide  of the planet  i s  s ign i f i can t ly  l e s s  
than the ad iaba t ic  temperature. In Sagan's opinion,absorption i n  C 0 2  c l ea r ly  

cannot explain current  experimental data .  

which i s  s ign i f i can t ly  
obtained by Dol'fyus i n  observations of t he  

This served as a bas i s  f o r  c r i t i c i sm of t h i s  

This indicated,  i n  

Sagan's statement concerning the  s i g n i f i c a n t  difference between the  
temperature of the i l luminated and non-illuminated s i d e  of Venus was based on 
in su f f i c i en t ly  accurate r e s u l t s  of phase dependence measurements ?; 

conducted by Mayer and others  [288] and on an erroneous reference t o  L i l l ey ' s  
observations [219] i n  which the  phase var ia t ion  T 0 was not even invest igated.  
Subsequent measurements by Mayer and others  [230] revealed t h a t  the d i f fe rence  
i n  brightness temperatures between the  i l luminated and non-illuminated s ides  
of Venus was s ign i f i can t ly  l e s s  than Sagan had accepted. Moreover the content 
of CO i n  the atmosphere of Venus i n  accordance with subsequent measurement 
data  i n  the  inf ra red  range (see 5 1.3) a l so  proved t o  be e s sen t i a l ly  lower 
than Barre t t  and Sagan had accepted. In t h i s  connection Salomonovich [84] ,  
i n  a spectrum analysis  f o r  Venus's atmosphere, obtained 20% C02 and 80% N2 

with a pressure a t  t h e  level  of the cloud layer  of 90 mb. 

((a), bo 

b 

2 

Accepting f o r  
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s impl i f ica t ion  t h a t  y = C /C is  a constant at  a l l  a l t i t u d e s  up t o  the  cloud 
P V  

layer,  he a l so  came t o  the  conclusion t h a t  t h e  observed decrease i n  br ightness  
temperature on waves sho r t e r  than 3 c m  could not be explained by absorption 
by carbon dioxide i n  the atmosphere of Venus alone. Thaddeus i n  [316], reexa- 
mining 
10% C02 and 90% N2, obtained sa t i s f ac to ry  agreement of the ca lcu la t ion  with 

experimental da ta  (without the  measurements of Kislyakov and others  [35] on the 
4 mm wave, and not  accounted f o r  by them) at  a pressure a t  the surface of the  
p lane t  of 100 a t m .  Final ly  Barrett, together  with S tae l in  [l09], repeated h i s  
ca lcu la t ion  f o r  the  ajmosphere, a l so  containing 10% C02 and 90% N2, f o r  various 

values of the temperature gradient  B .  The da ta  obtained by them revealed t h a t  
when B = 4.86 deg * k m - l  a pressure of more than 300 atm would be required 
i n  order t o  approximate the experimental data.  
calculated spectrum i n  the  intermediate range 0.8 - 3 cm had in su f f i c i en t  
steepness f o r  agreement with experimental data.  
the content of C02  and N 2  d id  not  subs t an t i a l ly  inf luence the r e s u l t s .  

steepness of the calculated spectrum i n  the intermediate a rea  may be increased 
by an increase i n  the temperature gradient .  
a pressure of approximately 200 atm is  required. 
increases  the steepness of the spectrum even fu r the r ,  but  does not decrease 
the pressure.  
agreement between ca lcu la t ion  and experiment s t i l l  remains poor. 

/ lo6 

Barret t  I s  . ca lcu la t ions ,  having accepted the  atmospheric composition 

However even i n  t h i s  case the  

The change with reference t o  
The 

However,even when B = 7 deg * Ian-', 
A fu r the r  increase i n  B 

However i n  a l l  inves t iga t ions  i n  the 4 mm wavelength band, 

Thus carbon dioxide i n  the atmosphere of Venus shows sa t i s f ac to ry  con- 
currence of calculation, using the  model with the  *'cold" atmosphere, with 
experiment i n  the wavelength band. longer than 4 mm; however the  pressure 
demanded i n  t h i s  connection a t  the surface of the planet  m u s t  reach 200 - 300 
atm. 

dn connection with the s e r i e s  of repor t s  concerning the  detect ion within 
the atmosphere of Venus of water vapor [116, 150, 3121 possessing s t rong 
resonant l i nes  of absorption on the waves A = 1.62 mm and X = 1.35 cm, and 
caused by the in t e rac t ion  of u l t rah igh  frequency rad ia t ion  f i e l d s  with the  
dipole  e l e c t r i c  moment of a molecule of H 2 0 ,  numerous attempts were made t o  
ca lcu la te  t h i s  absorption f o r  the i n t e q r e t a t i o n  of the Venus .model with a 
t'cold*t atmosphere. In t h i s  connection it was a l so  expected t h a t  the 
addi t ional  absorption i n  water vapor would decrease the  amount of absorption 
i n  C02 and f o r  t h i s  reason decrease the required pressure i n  the  planetary 
atms ophere. 

The first attempt, undertaken by Barrett [ 1061 , revealed t h a t  an addi t ion 
t o  the atmospheric composition of Venus of 1 - 3% of water vapor decreases 
the pressure,  required f o r  the s a t i s f a c t i o n  of experimental data ,  from 30 a t m  
t o  20 - 10 atm. 
the  most op t imis t ic  r e s u l t s  of Strong's f i rs t  measurements [312]. Moreover 
i n  t h i s  case there  must be i n  the calculated spectrum of rad io  frequency 
rad ia t ion  of Venus a deep gap on the  1.35 cm-wave water vapor absorption. 
This i s  not supported by the  r e s u l t s  of d i r ec t  measurements i n  t h i s  wave band, 

However such a high water vapor content contradicts  even 

/ lo7 
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conducted by Welch and Thornton [329] and Drake [155], although analogous 
measurements by Barrett [110] apparently ind ica t e  the  presence of such a gap. 

Thus an attempt t o  i n t e r p r e t  the  Venus model with a "cold" atmosphere 
by water vapor absorption i n  the planetary atmosphere has thus fa r  been 
unsuccessful. 

Numerous attempts have a l so  been made t o  explain the  Venus model with a 
"cold1' atmosphere by absorption i n  the cloud layer  
water. 

consis t ing of drops of 

The first attempt undertaken by Sagan [283] revealed t h a t  through 
appropriate matching of  water content with cloud layer  depth , i t  is  possible  t o  
obtain s a t i s f a c t o r y  agreement of calculated values with experimental da ta  
published before 1960. 

A ca lcu la t ion  made by Salomonovich [84], including Venus measurement da t a  
on the 4 mm wave [35], revealed t h a t  the  correspondence between the calculated 
spectrum, dependent on absorption i n  aqueous clouds, and experiment is not 
completely sat isTactory.  Especially poor agreement i s  obtained i n  the  m i l l i -  
meter band where the  calculated spectrum, while s a t i s fy ing  measurements on the  
8 mm wave, does not  s a t i s f y  measurements on the  4 tmm wave, and vice versa 

Deirmendjian [143] made an approximate ca lcu la t ion  (without solving the 
t ransport  equation and without calculat ing the c h a r a c t e r i s t i c  rad ia t ion  of 
the planetary atmosphere) f o r  the  case of clouds and r a i n  similar t o  those of 
Earth,  which included d i s t r ibu t ion  s ta t is t ics  of water drop dimensions and 
the  calculat ion of both absorption and d i f fus ion  within them. H e  obtained an 
analogous r e s u l t :  the  calculated spectrum s a t i s f i e d  measurement da ta  on the 
10 and 3 cm and 8 mm wave, but  d i f f e red  from measurement r e s u l t s  on the  4 mm 
wave. 

Barrett and S t a e l i n  [ l o g ]  examined a cloud of water drops i n  equilibrium 
with the water vapor under it. The depth and densi ty  of the cloud w a s  taken 
as 6 km and 1 g * m-3. The water vapor pressure a t  the base of the cloud w a s  
25 mb. The temperatures a t  the  top and a t  t h e  base of t he  cloud were 270 and 
300°K, respectively.  The calculat ion,  made f o r  pressures  of 2.20 and 10Q atm, 
revealed t h a t  bas i ca l ly  the absorption w a s  induced not by the cloud but  by the  
water vapor under it. I t  was i n  t h l s  connection tha t  the  water vapor consi- 
derat ions mentioned above came i n t o  force.  

A l l  of the above mentioned inves t iga t ions  of the  Venus model with a 
"cold" atmosphere had the problem of the analysis  of how one o r  another 
component, present  o r  assumed i n  the Venus atmosphere 
se l ec t ive  absorption i n  the rad io  wave band, might explain known da ta  con- 
cerning the br ightness  temperature spectrum of Venus. 

and possessing 

Kuz'min [57, 631 examined the more general  problem of the determination / lo8  
of the  e l e c t r i c a l  cha rac t e r i s t i c s  of the absorbent layer  i n  a general form i n  
accordance with the known rad io  frequency rad ia t ion  spectrum of  Venus. The 
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examination w a s  conducted on the  bas i s  of t he  general  theory of radio 
frequency rad ia t ion  from a p lane t  with an absorbent atmosphere, developed i n  
§ 111.2.  

We s h a l l  determine what the dependence of absorption i n  the  planetary 
atmosphere on wavelength must be i n  order t o  s a t i s f y  the  measured spectrum of 
br ightness  temperature on Venus. (Figure 111.1). 

For these  calculat ions w e  s h a l l  evaluate the  required surface temperature 
i n  accordance with the br ightness  temperature 
length band, where the  planetary atmosphere i n  the  model with a "cold" atmos- 
phere is t ransparent .  Accepting, i n  accordance with radar  measurements, t h a t  
f o r  the model with a "cold" atmosphere the  d i e l e c t r i c  pe rmi t t i v i ty  of the  
surface material E = 3-4, which corresponds t o  I 

w e  obtain TeO 2 680'K. 

i n  agreement with in f r a red  measurement da t a  as approximately 250'K. 
place the temperature gradient  i n  the layer  under the  clouds equal t o  t h e  
ad iaba t ic  : 

measured i n  the  10 c m  wave- 

( 0 ,  E) = 0.86 and Tbbo s 580°K, 1 
We s h a l l  accept the  temperature of the cloud layer ,  

We w i l l  

A 
2 
c y  
P 

8, = (IV. 4) 

where A = 2.39 cal /erg - the  thermal eq.uivalent of work, g is  the  
accelerat ion of grav i ty ,  equal t o  835 cm - sec-2 f o r  Venus, C 

capacity a t  a constant pressure.  However, the chemical composition of  the  
atmosphere and therefore  the value C f o r  Venus i s  unknown. Spectroscopic 

P 
invest igat ions have revealed 
atmosphere i s  composed of gases which cannot be detected spectroscopical ly .  
Such components may cons is t  of ni t rogen o r  i n e r t  gases. For  nitrogen C = 

= 0.25 cal * g = 0.125 and 8, = 

= 16 deg - km-'. For f u r t h e r  calculat ions we s h a l l  assume a nitrogen atmos- 
phere and 8, = 8 deg * km-l. 

i s  thermal 
P 

t h a t  apparently the  bas ic  p a r t  of t he  planetary 

-1 P 
deg-' and B a  = 8 deg km-'. For argon C 

P 

The functions Tbp [T ( A ) ] ,  as shown on the graph i n  Figure IV.3 were 

calculated f o r  the parameters chosen above f o r t h e  Venus model with a "cold" 
atmosphere, E = 3, TeO = 680°KJ Tcl = 250°K, B = 8 deg - km-! f o r  various 

conditions of absorption d i s t r i b u t i o n  by a l t i t u d e .  The continuous curves 
r e f e r  t o  absorption by the  e n t i r e  depth of the atmosphere with an exponential 
d i s t r ibu t ion  by a l t i t u d e .  
absorption by a l t i t u d e ,  included between a l t i t u d e s  having temperatures of 
T1 = 300'K and T2 = 250'K. The functions Tbbo [T ( A ) ]  f o r  a parabol ic  l aye r  

with Aho = 5 km f o r  Tm = 300 and 400'K are p lo t t ed  with dot-and-dash l i nes .  

s a t i s f y  a Venus br ightness  temperature of T 

The dashed l i n e  corresponds t o  a layer  with equal 

- / lo9 

A n  examination of the  c i t e d  re la t ionships  reveals  t h a t  i n  order  t o  
= 350 - 400'K, measured i n  the bo 
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m i l l i m e t e r  wave band 
the required atmospheric thickness on these waves, a l so  depending on H, must 
be  very great .  Thus, f o r  example, when H = 7 km, obtained through observations 
of the screening of Regulus, the s a t i s f a c t i o n  of  radio observation da ta  demands 

by absorption i n  the  e n t i r e  thickness of the atmosphere, 

t he  high and therefore  unl ikely value T~~ - mm =" 100. 

t- 

F i g u r e  I V . 3 .  Brightness Temperature of V e n u s ,  
Averaged by t h e  d i s k ,  as a Function o f  Optical 
Depth of t h e  Absorbent Atmosphere for  E = 3, 
Teo = 680'K, T c l  = 25OoK'4 6 = 8 deg km-l f o r  

the Fol l m i n g  Cases: 1 ,  2 ,  3 and 4) t h e  whole 
mass of  the atmosphere i s  absorbent, H = 7 km, 
10.5 km, 15 km and 21 km, 'respectively; 5 ) ) a  
homogeneous 1 ayer i s absofben t , e n c  1 osed between 
layers w i t h  temperatures T 1  = 300 O K  and T2 = 

250'K; 6,7) a parabol i c atsorbent layer w i t h  
B A h O  = -40'K and Tm = 300 ,and 400°k, respectively.  

1 

As is known [94] ,  the a l t i t u d e  o f  a uniform atmosphere depends on 

\ l i  

c temperature 

R T  
! J g  

H = - - .  (W. 51 
'h 

Here R is a universal  gas constant,  and LI is  molecular weight. 
as e a r l i e r ,  t h a t  H = 7 km i n  the layer  under the clouds, we obtain H 5 20 km 

Then accepting,/ l lO - 
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for the lower layers  of the atmosphere. However, even i n  t h i s  case an op t i ca l  
thickness of the  absorbing layer  i n  the m i l l i m e t e r  band T 2 3 is required.  

I t  i s  apparent from t h i s  same f igure  (IV. 3) t h a t  br ightness  temperatures 
if the 

s i tua t ed  close t o  the upper 
350 - 400'K may be obtained with s ign i f i can t ly  less op t i ca l  thickness 
absorption occurs i n  a layer  of f i n i t e  thickness 
edge of the  cloud layer.  

of a value of approximately 1. must have T 
In  fact ,  a layer  with Tm = 300'K and Aho = 5 km 

X4-8 mm 
On the bas i s  of what has already been wr i t ten ,  it seems more probable 

t h a t  the absorbent medium responsible f o r  t he  decrease i n  br ightness  tempera- 
t u r e  of Venus i n  the mil l imeter  wave band is included i n  the layer  of f i n i t e  
thickness located close t o  the upper edge of the cloud layer ,  and not 
d i s t r ibu ted  throughout the e n t i r e  thickness of the planetary atmosphere. 

For a uniform layer  with T1 = 300'K and T2 = 250°K, Figure IV.4 shows 
op t i ca l  thickness T, and therefore  absorption K ,as functions of wavelength, 
required t o  obtain the  measured spectrum Tb9 (A) (Figure 111.1). 

As is known, nephelometric [95, 961 and polar iza t ion  [223] measurements 
of Venus i n  the op t i ca l  band indica te  a high content of aerosol i n  i t s  
atmosphere. I t  i s  possible  t h a t  the cloud layer  of Venus i s  also aerosol.  
Under Earth conditions,  atmospheric aerosol (clouds , fog) is  absorbent for 
radio frequency rad ia t ion  i n  the shortwave por t ion  of the centimeter and 
mill imeter wave bands (see f o r  example, [3]).  In  t h i s  connection Kuz'min 
[57] examined i n  a general  form the p o s s i b i l i t y  of explaining the  radio 
frequency rad ia t ion  spectrum of Venus through se l ec t ive  absorption by aerosol 
p a r t i c l e s  . 

Weakening of electromagnetic rad ia t ion  by aerosol p a r t i c l e s  , small i n  
comparison with wavelength, is  determined by the re la t ionship  [3] 

(IV. 6) 

where M is  the mass of the  absorbent p a r t i c l e s ,  and E '  and E" a re  the r e a l  
and imaginary p a r t s  of the complex d i e l e c t r i c  permi t t iv i ty  of the p a r t i c l e  
material .  

The op t i ca l  thickness of a uniform layer  with thickness Ah is  

T ( X )  = x ( X )  Ah. (IV. 7) 

I t  i s  not  d i f f i c u l t  t o  show t h a t  i n  order t o  obtain the spec t r a l  function - /111 
of absorption, represented i n  Figure IV.4 by the quant i t ies  E '  and €",the 
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A ,  cu 

Figure l V . 4 .  Optical Thickness of an 
Atmosphere w i t h  a Uniform Absorbent Layer 
( T 1  = 300°K, T2 = 250°K) as a Function of 

Wavelength, required t o  Obtain Measured 
Spectrum T ( A )  (Figure I I I .  1 ) .  b9 

a e r o s o l  materials must change 
s h a r p l y  wi th  changes i n  X i n  
t h e  shortwave p o r t i o n  of t h e  
cent imeter  wave band. 

I n  agreement with [49], E '  

and E" of  rock, vo lcanic  rock 
and v o l c a n i c  ash i n  t h e  band 
which i n t e r e s t s  us  do not  
depend upon wavelength. 
Therefore it is not  considered 
p o s s i b l e  t o  explain t h e  
observed spectrum of rad io  
frequency r a d i a t i o n  of Venus /112 
by s e l e c t i v e  absorpt ion i n  
dus t  aerosol  composed of t h e  
matter mentioned. 

The requi red  c h a r a c t e r i s -  
t i c s  a r e  possessed by low- 
v i s c o s i t y  p o l a r  l i q u i d s ,  whose 
frequency func t ions  E I and E" 

a r e  de.scribed by t h e  r e l a t i o n -  
s h i p s  [85]. 

%--em e' (A) = E, + 
1 +ya 

1 + Y Z  ' 

(IV. 8) 
(eo - Em)9 e" (A) = 

where 

t is t h e  r e l a x a t i o n  time of t h e  
P 

and E- are t h e  d i e l e c t r i c  p e r m i t t i v i t y  of  t h e  substance on p o l a r  molecules, E 

f requencies  
0 

S u b s t i t u t i n g  (IV.8) and (IV.7), we obtain t h e  c a l c u l a t e d  func t ion  K(ut ) 

The r e s u l t s  of t h e  c a l c u l a t i o n  a r e  shown graphica l ly  ? and, t h e r e f o r e ,   ut,). 
i n  Figure (IV.5) and revea l  t h a t  t h e  form of  t h e  curve K(ut ) i s  n o n c r i t i c a l  
with respec t  t o  t h e  parameters 

/113 
P 

and E ~ .  The l o c a t i o n  of  t h e  knee corresponds 
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t 

- utp 

Figure I V . 5 .  Computed Optical  Thickness T of 
t h e  Polar  L i q u i d  Aerosol as a Function of 
Frequency w and Relaxation T i m e  t f o r :  

P 
1 )  € 0  = 81, Em = 3 ;  2)  E = 2 0 0 ;  Em = 3 ;  
3 )  E o  = 10, Em = 3 ;  4) E; = 2 0 ,  Em = 2. 

t o  f requencies  w 5 - 1 
t -  
P 

The q u a n t i t y  

f p  - 10'2 

is placed along t h e  
o r d i n a t e  a x i s .  

Figure IV.4 shows a 
comparison between exper i  - 
mental d a t a  and c a l c u l a t e d  
d a t a  f o r  var ious  parameters 
t and ~ ( 0 )  = T ~ + ~  (atp),.  

S a t  i s f a c t o r y  agreement 
between experiment and 
c a l c u l a t i o n  occurs when 
t = (1.5-5) - sec. 

and ~ ( 0 )  = 1-4 .  

P 

P 

We s h a l l  eva lua te  t h e  
required q u a n t i t y  o f  t h e  

absorbent substance.  Transforming (IV.6) f o r  AM, we obta in :  

from whi ch 

(IV. 9 )  

Here M 

of Venus. Assuming, i n  agreement wi th  t h e  above r(0)  = 1-4 and t = (1.5-5) * 

* 

o b t a i n  M Ah = 0.1  - 0 .2  g of t h e  absorbent substance i n  a column of t h e  l a y e r  

with a c ross -sec t ion  of 1 cm . 

is  the q u a n t i t y  of the  absorbent substance i n  1 cm3 of the  atmosphere 
0 

P 
s e c  and s e t t i n g  d i f f e r e n t  values  

0 

from 81 t o  10 and E~ = 3-2 ,  w e  

2 With t h e  thickness  of the  absorbent l a y e r  

t h i s  corresponds t o  t h e  requi red  absorbent substance concentrat ion i n  t h e  
cloud l a y e r  of Venus M o  = 0 . 2  - 0.4  g - m-3, i . e . ,  i t  is even lower than t h e  
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average water content of ea r th  clouds [94]. 

The calculated radio frequency rad ia t ion  spectrum of  Venus is  shown i n  
Figure IV.6 and within the  accuracy of measurement e r r o r  it corresponds with 

measured r e s u l t s .  The atmos- 
phere contains the  spec i f ied  
quant i ty  of l i qu id  mentioned 
above, i n  the  form of an 
aerosol .  Thus i t  is  possible  
t o  explain the  decrease i n  
the  br ightness  temperature of 
br ightness  temperature o f  
rad ia t ion  from Venus i n  the 
mil l imeter  port ion of the 
spectrum by c i t i n g  absorption 
i n  the watery atmospheric 
aerosol ,  a t  a temperature of 
2SO-300°K and containing 
0 .1-0 .2  g - cm-2 polar  l iqu id  
with a re laxa t ion  time t = 

= (1.5-5) - sec.  
P 

ASM- 

Several functional 
der ivat ives  of methane, ethane 
and benzene, f o r  example, 

Figure lV.6. Calculated Spectrum of t h e  
Radio Frequency Radiation of t h e  Model 
of Venus w i t h  a "cold" Atmosphere 
consistinq o f  an Absorbent Aerosol of CH30H y (C2Hs) 20 y CgHsC1, 

C H B r  and others  have 

re laxa t ion  times close t o  the  

according t o  Muel l e r  [ 2351 , the  
presence of hydrocarbons i n  the  

6 5  Polar F l u i d  w i t h  Relaxation Times 1 )  t = 

= 5.3-10- '2  sec;  2) t 

3) t 

atmosphere of Venus i n  s i g n i f i c a n t  amounts is unl ikely.  

P 
= 3-10-12 sec ;  

P required amount. However, 
= 1.6 1o-l '  sec.  

P 

Water is  a l so  a polar  f l u i d  ; however a t  temperatures above the freezing /114 
point  i t s  relaxat ion time is  subs t an t i a l ly  lower than the  required amount ( a t  
temperature T = 288'K, t = 0.5 - sec) .  Therefore absorption i n  an 

aerosol consisting of drops of water with T > 273°K corresponds poorly with 
experimental data .  
i n  a super-cool condition [94]. Basharinov and Kutuza [ lo ]  pointed out t h a t  
ul t ra-cool  drops of water may a l so  explain the  experimental da t a  i n  connection 
with an increased re laxa t ion  time with a decrease i n  temperature ( for  water 
with t = -lO°C, they obtained through extrapolat ion t = 2.5 sec) .  

P 

However, water drops i n  ear th  clouds a re  f requent ly  found 

P 

Barret t  and S tae l in  [109], having invest igated a s e r i e s  of individual  
cases,  reached analogous conclusions. According t o  t h e i r  calculat ions , the 
c loses t  agreement with experiment takes place f o r  a cloud layer  which i s  
absorbent i n  proportion t o  the square of the  frequency. 
the  aerosol,  which we examined above, consisting of a po la r  l i qu id  with a 

This corresponds t o  
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c r i t i ca l  wavelength 
Venus. 

s i t u a t e d  i n  t h e  in te rmedia te  p o r t i o n  o f  t h e  spectrum of 

According t o  Barrett and S t a e l i n ,  a s t a b l e  aerosol  with p a r t i c l e  
dimensions s i g n i f i c a n t l y  s h o r t e r  than wavelength does n o t  provide t h e  requi red  /115 
spectrum form and moreover 
surface of about 100 g . m-3, which i s  approximately 4 orders  of magnitude 
g r e a t e r  than t h a t  occuring on e a r t h  during dus t  storms. 

requi res  a d u s t  concentrat ion n e a r  t h e  p lane tary  

An i n c r e a s e  i n  p a r t i c l e  dimensions so  t h a t  d i f f u s i o n ,  as  w e l l  as 
absorpt ion,  may p lay  a r o l e ,  improves t h e  s i t u a t i o n  somewhat. 
dimensions 0 .3  - 0.6 mm and d e n s i t y  10 g - n r 3 ,  t h e  c a l c u l a t e d  br ightness  
temperature spectrum becomes not iceably  s t e e p  between h = I c m  and h = 2. 
However, i n  t h i s  case poor concurrence with t h e  r e s u l t s  of  measurements i n  
t h e  mi l l imeter  band occurs.  In p r i n c i p l e  i t  is p o s s i b l e  t o  attempt t o  d i -  
minish t h i s  discrepancy by t h e  a d d i t i o n  of  another mechanism o f  absorpt ion.  
Rowever, t h e  addi t ion  of a carbon-nitrogen atmosphere with a s u r f a c e  pressure  
of  20 atm does n o t  provide the  requi red  concurrence. 

With p a r t i c l e  

To summarize t h e  foregoing, i t  may be concluded t h a t  t h e  measured b r i g h t -  
ness temperature spectrum of r a d i o  frequency r a d i a t i o n  of  Venus may be 
i n t e r p r e t e d  wi th in  t h e  framework of a model with a "cold" atmosphere 
is absorbent i n  the  mil l imeter  wavelength band. 
of the absorbent agent cannot b e  unequivocally esolved. To b e  s p e c i f i c ,  it 
may be aerosol  cons is t ing  of 0 . 1  - 0 . 2  g - cm-' p o l a r  f l u i d  with r e l a x a t i o n  
t i m e  (1.5 - 5) 

which 
The problem of  the  na ture  

10-12 sec. 

c) The Model o f  Venus  w i t h  a "Hot" Atmosphere 

In t h e  models with a "hot" atmosphere, i t  is  assumed t h a t  t h e  atmosphere 
of Venus possesses a c e r t a i n  e l e c t r i c a l l y  a c t i v e  medium, which serves  as a 
source of supplementary high temperature r a d i a t i o n  i n  t h e  cent imeter  and 
decimeter wavelength bands. In  t h e  mill imeter band t h i s  medium is assumed 
t o  be t ransparent ,  and the  observed r a d i o  frequency r a d i a t i o n  i s  caused by 
t h e  p lane tary  s u r f a c e ,  which i s  considered t o  be r e l a t i v e l y  colder .  

The f irst  model of Venus with a t rhot f t  atmosphere was suggested by 
Jones [189]. As t h e  e l e c t r i c a l l y  a c t i v e  medium,he suggested t h e  ionosphere 
with an e l e c t r o n  temperature of 600°K 
t h e  mi l l imeter  band and o p t i c a l l y  t h i c k  on longer waves. 
such a model s a t i s f a c t o r i l y  concurs with experimental d a t a  
of  t h e  square of t h e  e l e c t r o n  dens' i ty s a t i s f i e s  

and considered t o  be o p t i c a l l y  t h i n  i n  
H e  c a l c u l a t e d  t h a t  

if t h e  i n t e g r a l  

An ionospheric  th ickness  z = 100 km demands an e l e c t r o n  concentrat ion 
/116 - N = l o 9  ~ m - ~ .  

e l e c t r o n  d e n s i t y  i s  approximately l o 6  ~ m - ~ :  
t h e  ionospheric  e l e c t r o n  concent ra t ion  o f  Venus must be of t h e  same o r d e r  i f  

I t  i s  known [3] t h a t  i n  t h e  E a r t h ' s  ionosphere t h e  maximum 
Danilov [21]  demonstrated t h a t  
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i t s  atmosphere c o n s i s t s  mainly of  C02 and i f  t h e  i o n i z i n g  source i s  s o l a r  
u l t r a v i o l e t  r a d i a t i o n .  Jones ' model demands an e l e c t r o n  concent ra t ion  ap- 
proximately 3 o r d e r s  of  magnitude g r e a t e r .  

As a p o s s i b l e  mechanism o f  high i o n i z a t i o n ,  Jones suggested s o l a r  
corpuscular  r a d i a t i o n  
( l e s s  than 1/30 of t h e  ear th) ,may p e n e t r a t e  t h e  atmosphere of Venus. 
pointed o u t  t h a t  i n  t h i s  case t h e  a n t i c i p a t e d  e l e c t r o n  d e n s i t y  dependence on 
s o l a r  r a d i a t i o n  may be t h e  reason f o r  br ightness  temperature dependence on 
t h e  phase of p l a n e t a r y  i l lumina t ion  by t h e  Sun. 

which, i n  view of t h e  weak magnetic f i e l d  of Venus 
H e  a l s o  

Such a mechanism f o r  t h e  c r e a t i o n  and support  o f  an e l e c t r o n  dens i ty  i n  

They 
t h e  ionosphere of Venus, surpass ing  t h e  maximum e a r t h  level  by a f a c t o r  of  3 
orders- o f  magnitude, was s u b j e c t  t o  c r i t i c i s m  by Kellog and Sagan [33]. 
showed t h a t  t h e  i o n i z a t i o n  mechanism of t h e  s o l a r  wind may b e  only about 30 
times more e f f e c t i v e  than s o l a r  u l t r a v i o l e t  i o n i z a t i o n ,  whereas an i n c r e a s e  
i n  N of 3 orders  of magnitude r e q u i r e s  an i n c r e a s e  i n  t h e  i o n i z a t i o n  f a c t o r  
of  6 orders  of  magnitude. Moreover, the  r a d i o  astronomic observat ion d a t a  
u t i l i z e d  i n  the  cons t ruc t ion  of t h i s  model refers t o  t h e  s i d e  of  Venus not  
i l lumina ted  by t h e  Sun, where s o l a r  i o n i z i n g  a c t i v i t y  i s  even less. 

As i s  known, the  ionospher ic  e l e c t r o n  d e n s i t y  is determined by t h e  
r e l a t i o n s h i p  of  t h e  i o n i z i n g  agent and the  c o e f f i c i e n t  . o f  recombination. 
Danilov and Yatsenko [ 2 2 ]  examined t h e  p o s s i b i l i t y  of ob ta in ing  high e l e c t r o n  
concentrat ions i n  the  n i g h t  ionosphere of Venus through a decrease i n  t h e  
c o e f f i c i e n t  of e l e c t r o n  recombination. Such a s i t u a t i o n  might a r i s e  i f ,  
beginning with c e r t a i n  a l t i t u d e s ,  t h e  atmosphere of Venus broke u 
f u l l y  elemental .  
A second p o s s i b i l i t y  c o n s i s t s  of t h e  fact  t h a t  t h e  assumption i n  [21] of t h e  
t ransformation r e a c t i o n  of elemental  ions  O+ i n t o  molecular ions  through a 
charged t r a n s f e r  with CO molecules,  may n o t  occur as e f f e c t i v e l y  as accepted 

i n  [21] i n  t h e  analogy t o  t h e  e a r t h ' s  ionosphere. Then t h e  ions 0' would 
disappear  a l s o  i n  a r a d i a t i o n  recombination r e a c t i o n  with c1 E 
With Jones '  eva lua t ion  of N2dz = 
an aggregate q u a n t i t y  o f  recombinations i n  a column of  the  atmosphere of  
Venus of approximately 1013 recombinations * cm-2 sec-l. 
quest ion of t h e  p o s s i b i l i t y  of support ing a high e l e c t r o n  concentrat ion i n  

ex is tence  i n  the  n i g h t  ionosphere of Venus of an i o n i z i n g  f a c t o r  
equal iz ing  t h e  i n d i c a t e d  q u a n t i t y  of recombinations. 

and became 
The atomic recombination c o e f f i c i e n t  is c1 E 1O-y2 cm3 sec-1. 

2 

cm3 sec-l. 
c m d 5 ,  c1 = 10-12 cm3 sec-l corresponds t o  

In t h i s  case, t h e  

/117 the  ionosphere of Venus leads t o  an examination of t h e  p o s s i b i l i t y  of the  - 
capable of 

In Reference [5] it was shown t h a t  t h e  ex is tence  on t h e  e a r t h  of n ight  
i o n i z a t i o n  a t  t h e  a l t i t u d e s  of  t h e  F l a y e r ,  as wel l  as t h e  ex is tence  of t h e  
ionosphere during t h e  p o l a r  n i g h t ,  cannot be explained without assuming t h e  
presence i n  t h e  atmosphere of an ion iz ing  agent d i f f e r i n g  from s o l a r  r a d i a -  
t i o n  and a c t i v e  during t h e  n i g h t .  A c a l c u l a t i o n  of  t h e  q u a n t i t y  of recom i n a  
t i o n s  i n  e a r t h ' s  n ight  ionosphere der ived from [ 2 2 ] ,  gives c1 = 10l1 - lo1' re: 
combinations - cm-2 s e c - l .  Therefore,  an agent i s  a c t i v e  i n  t h e  e a r t h ' s  n ight  
ionosphere t h a t  provides t h e  same q u a n t i t y  o f  i o n i z a t i o n .  
and Yatsenko came t o  t h e  conclusion t h a t  i f  t h e  same i o n i z i n g  agent t h a t  i s  

From t h i s  Danilov 
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ac t ive  i n  e a r t h ' s  atmosphere i s  a l so  ac t ive  i n  Venus's atmosphere, then an 
increase i n  t h i s  agent from 10 t o  100 times may, with the conditions indicated,  
provide the required e lec t ron  concentration. In a l a t e r  work [26], however, 
Danilov and Yatsenko came t o  the conclusion 
required ion iza t ion  by means of a corpuscular stream, the energy densi ty  of 
the stream w i l l  have t o  exceed the  corpuscular stream densi ty  i n  the unperturbed 
night atmosphere of the ear th  by 4 orders of magnitude. 

t h a t  i n  order  t o  provide the 

As i s  known [80] , the absorption coef f ic ien t  i n  ionized gas may be presented 
i n  general  form by the re la t ionship  

1. 4ne2 Nv 
%(%) = -___ ~ 

2 C p E 0  m O s +  V2 ' (IV. 10) 

where N i s  the e lec t ron  concentration, v i s  the frequency of e lectron 
co l l i s ions ,  w is  the angular frequency of the received s igna l .  

Kuz'min [ 5 6 ]  suggested an ionospheric model of Venus i n  which the 
absorbent layer  w a s  located i n  the low, dense layers of the planetary atmos- 
phere. In  t h i s  case,  e lec t ron  co l l i s ion  with neut ra l  p a r t i c l e s  plays a bas ic  
ro l e ,  and the bas ic  process of e lec t ron  loss  involves e lectron adhesion t o  
neut ra l  pa r t i c l e s .  Electron concentration i n  such a layer  is  defined by the 
re1 at ionship 

dN 
dt  
- = J- PNn + y N n ,  

where J is the in t ens i ty  of the  ionizing agent,  B is  the coef f ic ien t  of 
adhesion, y is  the coef f ic ien t  of repulsion, and n is the  density of the 
neut ra l  p a r t i c l e s .  In  a balanced system , disregarding repuls ion,  we have 

J 
Bn N G -  

[ I V .  11) 

(IV. 12)  

Kuz'min pointed out t h a t  under iden t i ca l  ionizing agent i n t e n s i t i e s  and 

than i n  ea r th ' s  

/118 
iden t i ca l  neu t r a l  p a r t i c l e  dens i t i e s ,  the e lec t ron  concentration i n  the low 
atmospheric layers  of Venus may be s ign i f i can t ly  higher 
atmosphere, as a r e s u l t  of a lower coef f ic ien t  of adhesion B .  The f a c t  
i s  tha t  the adhesive react ion of an electron t o  a neut ra l  molecule with the 
s t ruc tu re  of a negative ion is  poss ib le  only €or e l e c t r i c a l l y  negative 
molecules having a pos i t i ve  a f f i n i t y  f o r  the electron.  

possesses a grea t  pos i t i ve  a f f i n i t y  f o r  the electron.  The adhesive react ion 
t o  t h i s  molecule is  the determining f a c t o r  f o r  the speed of t h i s  process and, 
t h e r e f o r e , f q  the coef f ic ien t  B i n  t he  ea r th ' s  atmosphere. 
contemporary concepts, oxygen i n  the lower atmosphere o f  ear th  is  of biogenous 
or igin.  One may not  exclude the  f a c t  t h a t  there  may be no oxygen i n  the lower 
atmosphere of Venus. 
negative ions would form. In  t h i s  case the  speed of adhesive reac t ions ,  i . e . ,  
the value of B ,  would be determined by the possible  content of water vapor i n  

The molecule O2 

According t o  

With carbon dioxide and possibly ni t rogen on Venus, no 
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the atmosphere of Venus. 

According t o  an evaluation by Strong and others [116, 1171 and Spinrad 
[304], the  r e l a t i v e  content of water vapor i n  Venus's atmosphere i s  l e s s  than 
o r  equal t o  - i . e . ,  50 - 500 times l e s s  than i n  the  ea r th ' s  
atmosphere. 
t o  be 1.5 - 2.5 orders of magnitude l e s s  than t h a t  of  the  e a r t h ' s  atmosphere, 
and the electron densi ty  t o  be higher. 

Therefore, one may expect the quant i ty  f3 i n  Venus ' s  atmosphere 

The d i f f i c u l t y  i n  explaining the  high e lec t ron  concentrations i n  Venus's 
ionosphere , exceeding by several  times t h a t  of the  ea r th  Is ionosphere , presents  
a complex problem but it i s  s t i l l  not an argument against  t he  ionospheric 
model of Venus. The r e s u l t s  of radar  planetary measurements, having shown 
rough independence of the  r e f l e c t i v e  cha rac t e r i s t i c s  of the  planet on wave- 
length i n  the  band of wavelength from 20 cm t o  6 m y  a r e  more ser ious argu- 
ments against  t h i s  model. In f a c t ,  i f  the  radar  r e f l ec t ion  emanates from 
the planetary surrace,  then the op t i ca l  thickness of the  ionosphere w i l l  
e s sen t i a l ly  a t ten tua te  the i n t e n s i t y  of the r e f l ec t ed  s igna l ;  t h i s  a t ten tua t ion  
must increase i n  proportion t o  the square of the wavelength, introducing 
thereby a sharp frequency dependence i n t o  the value of the r e f l ec t ed  s igna l .  
The assumption t h a t  r e f l ec t ion  emanates from the  planetary ionosphere, becoming 
c r i t i c a l  on a l l  waves up t o  12.5 cm, r e  u i r e s  an e lec t ron  concentration i n  the 
ionosphere of Venus of approximately 1071 ~ m - ~ ,  i . e .  , exceeding by 5 orders 
of magnitude tha t  of ear th .  

In order t o  overcome these d i f f i c u l t i e s ,  and f o r  agreement between the  
ionospheric model and radar  measurement data ,  Kellog and Sagan [33] suggested 

More- 
over, a "gap" may be formed i n  the ionosphere near the poin t  opposite the 
Sun, through which radar  operations may be conducted near  the i n f e r i o r  
conjuction. 

/11' t h a t  the ionosphere i s  reabsorbed during the lengthy Venusian night .  - 

P r i e s t e r  and others [271] suggested a cloudy s t r u c t u r e  of the ionosphere 
with electron dens i t ies  2 - l o 9  i n  the clouds and 5 - l o 8  between 
the clouds. 

Kuz'min [56], Danilov and Yatsenko [24] suggested an analogous pierced 
model of a cloudy ionosphere. 

Kuz'min drew a t t en t ion  t o  the p o s s i b i l i t y  of agreement of radio-astronomic 
and radar  measurements with a model possessing a semi-tranparent ionosphere 
and having an op t i ca l  thickness i n  the centimeter band of radio waves 
independent of wavelength. The l a t t e r  condition may be rea l ized  with 
s u f f i c i e n t l y  high co l l i s ion  frequencies,  when v2 >> u2, which occurs i n  the  
dense lower atmospheric layers .  

Danilov and Yatsenko [24] a l so  pointed out the p o s s i b i l i t y  of agreement 
of the ionospheric model with radar  measurement data ,  i f  the rad ia t ion  i n  the 
70 cm wave band is  r e f l ec t ed  from a m a x i m u m  i n  the  ionospheric layer  of 
N z l o9  ~ n - ~ ,  i f  the rad ia t ion  i n  the 40 cm band is, f u l l y  r e f l ec t ed  from the  
surface and p a r t i a l l y  absorbed within the ionosphere, and f i n a l l y ,  i f  the 
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rad ia t ion  on the 12.5 c m  wave is p a r t i a l l y  absorbed within the atmosphere or 
upon r e f l ec t ion  from the planetary surface.  

Priester and others  [271] pointed out a good cor re la t ion  (with an inverse 
re la t ionship)  between the radar  dis tance t o  Venus, according t o  measurements 
made i n  1961 on the 68 cm wave, and s o l a r  a c t i v i t y ,  measured i n  accordance 
with s o l a r  radio frequency rad ia t ion  on the  2 1  cm wave. The first possible  
explanation is a change i n  the group ve loc i ty  of rad io  wave propagation i n  the  
inter-planetary medium, connected with the  emission of charged p a r t i c l e s  by 
the Sun. 
t rue  r e l a t i o n  observed may be explained 
emanates not  from the hard sur face  of Venus 
which changes i n  a l t i t u d e ,  increasing under the  influence of an increase i n  
s o l a r  ac t iv i ty .  In t h i s  connection i t  is in t e re s t ing  t o  point out t h a t  the 
period of var ia t ions  of the dis tance t o  Venus is  close t o  the per iod of i t s  
revolution around the Sun. I t  cannot be excluded, however, t h a t  the noted 
var ia t ions  were caused by inaccuracy i n  the calculat ion of the o r b i t  of Venus 
i n  accordance with the ephemerides. 
the indicated var ia t ions  may i n  f a c t  be decreased by ce r t a in  changes i n  the 
o r b i t a l  parameters. However, i n  t h i s  case the deviation between measured and 
calculated values are exceeded by measurement e r ror .  

This would have t o  give the  e f f e c t  of an opposite indicat ion.  The 
i f  one assumes t h a t  the  rad ia t ion  

but  from the planetary ionosphere 

A subsequent i n t e rp re t a t ion  revealed tha t  

Kuz'min [56] examined i n  a general  form the p o s s i b i l i t y  of in te rpre t ing  - /120 
an experimentally obtained spectrum of radio frequency rad ia t ion  of Venus 
through pierced and semi-tranparent ionospheric models of Venus 
as q i ted  above, radar measurement data.  

s a t i s fy ing  , 

In  order t o  simplify calculat ions a uniform case i s  examined f o r  which the  
br ightness  temperature of rad ia t ion  f o r  a planet  with an ionosphere 
opt ica l  thickness T and k i n e t i c  e lec t ron  temperature T equals 

having 

e 

T b ( h )  = T,, (1 - R )  + b [T, j- T,, (1  - &')IC1 -e-T(x)'l, (IV. 13) 

where b i s  the r a t i o  of the a rea  of the disk 
the f u l l  area of the planetary disk.  
ionized layer  

covered by the  ionosphere t o  
The opt ica l  thickness of a homogenous 

ZNY z(h) = 5.3 - 
0 2  f v* ' (IV. 14) 

where z i s  the thickness of the layer .  The combination (IV.13) and (IV.14) 
gives the  ana ly t i ca l  dependence of br ightness  temperature on frequency , i. e.  , 
the calculated spectrum f o r  a given model. This spectrum i s  defined by 
three  generalized parameters: zNv, TeO (1 - R) and b[Te - TeO (1 - R)]. 

Then the problem is  reduced t o  the p o s s i b i l i t y  of matching these parameters 
i n  a manner permitt ing the calculated spectrum t o  s a t i s f y  the  experimental 
data .  The calculated spectrum f o r  zNv = 4 * 1023 s e c - l ,  TeO (1 - R) = 

= 300'K and b[Te - TeO (1 - R ) ]  = 280'K is  p lo t t ed  i n  Figure IV.7. The close 
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conformity with experimental po in ts ,  a l so  shown on the  f igu re ,  i s  apparent. 

Figure I V . 7 .  A Calculated Spectrum of Radio 
Frequency Radiation o f  V e n u s  w i t h  a "Hot" 
Absorbent Ionosphere: 1 )  an op t i ca l ly  th ick ,  
pierced ionosphere; 2)  a semi-transparent 
ionosphere. 

I f  the ionized layer  invest igated i s  located i n  the upper atmosphere of 
Venus, e lectron co l l i s ions  occur mainly with ions.  The frequency of these 
co l l i s ions  i s  determined by the  re la t ionship  

(IV. 15) 

Assuminp f o r  calculat ion t h a t  Te = 1,000"K and considering t h a t  N E Ni,  w e  

f ind t h a t  i n  order t o  obtain zNv = 4 * 
- 2  - cm sec  ', we must have 

For  a semi-transparent ionosphere (b = 1) the  model s a t i s f i e s  experimental 
da ta  when v = 1.5 * 10l1  s e c - l ,  TeO (1 - R) = 300°K and [Te - TeO (1 - R ) ]  

[l - e-Tu*] = 280°K. For these parameters, the calculated dependence of 

I t  i s  apparent t h a t  f o r  t h i s  model as well ,  a c lose conformity with the r e s u l t s  
brightness temperature of Venus on wavelength is a l so  shown i n  Figure IV.7. / I 2 1  
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of the measurements i s  obtained. 

In  t h i s  manner, the problem s t a t e d  concerning the p o s s i b i l i t y  of s a t i s fy ing  
experimental da ta  through the  use of an ionospheric model of Venus has ,  i n  
pr inc ip le ,  been solved pos i t ive ly  f o r  both a pierced and a semi-transparent 
ionosphere. 

Tolberg and S t r a i ton  [320] suggested a model of Venus with a "hot atmos- 
phere" d i f fe r ing  from the ionospheric models examined above. Thev suggested 
clouds of e l e c t r i c a l l y  charged p a r t i c l e s ,  as  an e l e c t r i c a l l y  ac t ive  medium 
and expressed a supposit ion t h a t  radio frequency rad ia t ion  of Venus i n  the 
wavelength band from 8 mm t o  10 cm may be explained by the r ed i s t r ibu t ion  of 
e l e c t r i c a l  charges between these p a r t i c l e s .  A similar phenomenon occurs on 
the ea r th  during storms; however, maximum radia t ion  takes place i n  t h i s  
connection on the audio frequency band, due t o  the f a c t  t h a t  the charge 
exchange occurs between large spaces. 
a charge exchange between separate  p a r t i c l e s  may take place on Venus, and 
pointed out t h a t  i n  t h i s  case the process might explain ex is t ing  experimental 
da ta  concerning the  spectrum of radio frequency rad ia t ion  of the p lane t .  

Tolberg and S t r a i ton  postulated t h a t  

/ 122  

Scarf [290] pointed out the p o s s i b i l i t y  of the generation of u l t rah igh  
frequency rad ia t ion  of Venus due t o  plasma osc i l l a t ions  i n  i t s  ionosphere, in -  
duced by the s o l a r  wind. H i s  appraisal  revealed t h a t  with a s u f f i c i e n t l y  
weak magnetic planetary f i e l d  (<Soy), and with reasonable ionospheric and 
s o l a r  wind parameters, it is  possible  t o  explain the high brightness tempera- 
tures of Venus measured i n  the centimeter wavelength band. The rad ia t ion  must 
be generated i n  the ionosphere of Venus subjec t  t o  i l luminat ion by the Sun 
and, therefore ,  one would expect a large amount of phase var ia t ion .  

A subsequent model of Venus with a "hot atmosphere" was suggested by 
Vakhnin and Lebedinskiy [15]. In t h i s  type,  termed the  gas-discharge model 
by the authors , it is  assumed t h a t  the high temperature rad ia t ion  o f  Venus i n  
the centimeter band is  caused by "quiet" o r  "glowing" e l e c t r i c a l  discharges 
i n  a s ign i f i can t ly  large area of the upper atmosphere of the planet .  These 
charges produce an increase i n  the br ightness  temperature of Venus by 200 - 
300°K over the t rue  thermal rad ia t ion  of the planetary surface,  the temperature 
of which is  assumed t o  equal 340 - 400°K. 

The extremely slow ro ta t ion  of the p lane t ,  es tabl ished by radar  measure- 
ments, may be the main f ac to r  determining the  development i n  the atmosphere 
of Venus of rtquiet ' '  o r  "glowing" atmospheric discharge, instead of the 
cha rac t e r i s t i c  phenomena of the e a r t h ' s  atmosphere, which a re  of a stormy 
nature.  
areas of the planet  i s  grea t ly  d i s to r t ed  as a r e s u l t  of Coriol is  accelerat ion,  
on a slowly ro t a t ing  planet  a common movement of a i r  masses i n  the form of 
a "breeze", i . e . ,  a regular  low-turbulence stream between the i l luminated and 
the non-illuminated s ides  of the p lane t ,  must predominate, and encompasses 
almost the e n t i r e  surface.  A similar atmospheric stream i n  the  form of a 
"global breeze" i s ,  i n  the opinion of the authors,  qu i t e  favorable f o r  the 
development of an intensive "quiet7' or "glowing" discharge i n  the upper layers  
of the atmosphere of Venus, due t o  gas e l e c t r i f i c a t i o n  through f r i c t i o n  against  
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t h e  hard s u r f a c e  and t o  an unin ter rupted  accumulation of oppos i te  charges on 
the  i l lumina ted  and non-il luminated s i d e s  of  t h e  p l a n e t .  
movement of e l e c t r o n s  and ions  i s  i n t e n s i f i e d  w i t h  an i n c r e a s e  i n  a l t i t u d e ,  
the  atmosphere d isp lays  t h e  g r e a t e s t  conduct iv i ty  i n  t h e  upper r a r e f i e d  l a y e r s .  
Therefore,  i f  t h e  oppos i te  charges are d ispersed  a t  a d i s t a n c e  fa r  enough t o  
exceed by s e v e r a l  times t h e  a l t i t u d e  a t  which atmospheric conduct ivi ty  i s  
maximum, one may expect the  appearance of an e lectr ical  c u r r e n t  i n  t h e  upper 
layers  of the  atmosphere, equal iz ing  t h e  constant  charge accumulation and 
c r e a t i n g  t h e r e  t h e  effects of "quiet" o r  "glowing" discharge.  

Inasmuch as t h e  
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d )  I n t e r p r e t a t i o n  of t h e  Decimeter Port ion o f  t h e  Radio Frequency 
Rad i a t  i on Spectrum of  Venus 

Recent measurements by Drake [154], Kellermann [197] and Hardebeck [180], 
conducted on t h e  11, 21, 31, 40, 48 and 70 cm waves, i n d i c a t e s  a decrease i n  
t h e  br ightness  temperature of Venus i n  t h e  decimeter  r e l a t i v e  t o  t h e  c e n t i -  
meter wave bands ( see  Table 111.1). 

In conducting an examination analogous t o  t h a t  s t a t e d  i n  § IV.la ,  it may 
be shown t h a t  an i n t e r p r e t a t i o n  of t h e  "avalanche" observed i n  t h e  r a d i a t i o n  
spectrum of t h e  p l a n e t  sub-surface l a y e r s  co lder  than t h e  s u r f a c e  demands a 
negat ive temperature grad ien t  within t h e  p l a n e t a r y  body, which corresponds t o  
a hea t  flow i n t o  t h e  p l a n e t ,  and t h e r e f o r e  c o n t r a d i c t s  phys ica l  cons idera t ions .  
On t h e  o t h e r  hand, i n  t h i s  case t h e  i n t e r p r e t a t i o n  of  experimental  d a t a  as a 
decrease i n  t h e  r a d i a t i o n  c a p a b i l i t y  of  t h e  s u r f a c e  m a t e r i a l  o f  t h e  p lane t  
with an increase  i n  wavelength i s  not  excluded. 
of  t h e  p lane t  c o n s i s t  of a d i e l e c t r i c  with an o r i e n t a t i o n a l  p o l a r i z a t i o n  
having a c r i t i c a l  wavelength near  20 cm. 
among such d i e l e c t r i c s .  
ind ica ted  frequency dependence of t h e  r a d i a t i o n  c a p a b i l i t y  of t h e  sur face  
mater ia l  of t h e  p l a n e t  leads t o  an increase  i n  i t s  r e f l e c t i v e  c a p a b i l i t y  with 
an increase  i n  wavelength, which does not  c o n t r a d i c t  experimental  d a t a .  

This r e q u i r e s  t h a t  t h e  s u r f a c e  

Viscous p o l a r  f l u i d s  a r e  numbered 
The suggest ion concerning t h e  presence of t h e  

Another p o s s i b l e  i n t e r p r e t a t i o n  of the  decrease i n  observed i n  t h e  bo' 
decimeter band, cons is t sof  t h e  absorpt ion of t h i s  band of r a d i o  waves by t h e  
"cold" ionosphere of Venus [57]. 

We s h a l l  examine t h i s  p o s s i b i l i t y .  

As a f irst  approach, as  was done i n  t h e  e a r l i e r  inonospheric  model, w e  
s h a l l  confine our  examination t o  t h e  uniform case.  We s h a l l  assume t h a t  t h e  
ionosphere of Venus i s  t ransparent  i n  t h e  cent imeter  wave band and absorbent 
on longer waves. 
decimeter wave band r e q u i r e s  t h a t  t h e  k i n e t i c  e l e c t r o n  temperature i n  the  
ionosphere Te be lower than t h e  br ightness  temperature of  t h e  s u r f a c e  

TeO ( 1  - R ) .  

r a d i a t i o n  of  Venus with a p ie rced  ionosphere,  p l o t t e d  f o r  T 

I n  t h i s  case a decrease i n  br ightness  temperature i n  t h e  

Figure IV.8 shows t h e  c a l c u l a t e d  spectrum of t h e  r a d i o  frequency 

(1 - R) = 580"K, - /124 e0 
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zNv = (2 - 6) lo2'  cm-2 sec-' and f o r  t h e  cases  o f  b[Te - TeO (1 - R] = 100°K 

-200°K and -300"K, r e s p e c t i v e l y .  
en te red  on t h e  same f i g u r e ,  r e v e a l s  t h e i r  c lose  congruence. 

A comparison with experimental  p o i n t s ,  

1.cr - 
Figure I V . 8 .  Calculated Spectrum of 
Decimeter Rad i o Frequency Rad i a t  i on 
o f  Venus w i t h  a "Cold" Pierced lono- 
sphere:  1 )  b[Te - T e O ( l  - R)] = -100°K; 

2) b[Te - T e O ( l  - R)] = -200°K; 

3) b[Te - T e O ( l  - R ]  = -300°K. 

For a case when t h e  absorbent 
l a y e r  i s  loca ted  i n  t h e  upper 
atmosphere of t h e  p l a n e t ,  and 
assuming f o r  c a l c u l a t i o n  T = 300°K e -  
and t h e  th ickness  of t h e  l a y e r  
z = 50 km, w e  ob ta in  t h e  requi red  
e l e c t r o n  concentrat ion in t h e  l a y e r  
N 2 108 cm-3. 
frequency of t h e  l a y e r  fcr = 9 * 

- 1 0 3 G  = 81 MHz, corresponding 
t o  t h i s  concentrat ion,  does not  
c o n t r a d i c t  t h e  r e s u l t s  of  r a d a r  
measurements of Venus on 
frequencies  50 and 38 MHz [185, 
2011, due t o  t h e  f a c t  t h a t  t h e  
ionosphere i s  pie.rced i n  t h e  model 
examined. Variat ions i n  t h e  
e f f e c t i v e  c ross -sec t ion  o f  
r e f l e c t i o n  which have reached 
200% have been observed i n  t h e  
i n d i c a t e d  measurements. This may 
b e  t h e  r e s u l t  of changes i n  t h e  
'Iporosityll of  ionospheric  "holes". 

The c r i t i c a l  

/125 _- If t h e  absorbent l a y e r  is  
loca ted  i n  t h e  lower layers  of t h e  
atmosphere, then t h e  col l i s i o n  
frequency is  determined by c o l l i -  
s i o n s  with n e u t r a l  p a r t i c l e s  : 

.+e,r = 3.6 . 10-''n 1.; Te. (IV. 16) 

Assuming t h a t  T z 300°K and n E 3 - 10l8 ~ m - ~ ,  w e  ob ta in  u = 2 10 10 
e en -1 sec . 

When t h e  th ickness  of t h e  l a y e r  z = 10 km, t h i s  corresponds t o  t h e  
requi red  e l e c t r o n  concentrat ion i n  t h e  l a y e r  N = ( 1  - 3) l o 4  ~ m - ~ .  

In t h e  case of t h e  semi- t ransparent  ionosphere,  requi red  f o r  agreement 
with experimental d a t a , a c o l l i s i o n  frequency u = (3  - 5) - l o9  sec-' may b e  
achieved only i n  t h e  dense,  lower layers  of t h e  p l a n e t a r y  atmosphere. 

The c a l c u l a t e d  spectrum of r a d i o  frequency r a d i a t i o n  of Venus with a 
semi- t ransparent  ionosphere,  shown i n  Figure IV.9, i s  a l s o  i n  c l o s e  agreement 
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I,CM - 
Figure I V . 9 .  Calculated Spectrum o f  
Deci mete r Rad i o Frequency Rad i a t  i on 
of Venus w i t h  a "Cold" Semi-Transparent 
I onos p h e  re : 

I )  [ re-  T,, ( I  - R ) ~ [ I  - e-5-oi - -W K. 
( 1  - R ) ] [ i  - e-rw-+O] = -??I? K. 
(1  - R)][1 - e-'W+O 1 p -300' K. 

2) [Te -Teo  
3)  [Te-TTpg 

with experiment. /126 

A more p r e c i s e  d e f i n i t i o n  of  
t h e  parameters o f  t h e  f tcoldtf  
ionosphere which has  been i n v e s t i -  
ga ted  r e q u i r e s  more exac t  b r i g h t -  
ness  temperature measurements o f  
Venus on waves longer than 20 cm. 

F i n a l l y  , t h e r e  is s t i  11 
another  i n t e r p r e t a t i o n  of t h e  
decrease i n  Venus's b r i g h t n e s s  
temperature,  suggested by B a r r e t t  
and S t a e l i n  [log].  They surmised 
t h a t  cent imeter  p l a n e t a r y  
r a d i a t i o n  emanates from t h e  hot  
s u r f a c e  atmosphere , and t h a t  
decimeter r a d i a t i o n  i s  caused by 
t h e  s u r f a c e  of t h e  p l a n e t  
a lower b r i g h t n e s s  temperature 
due t o  a low r a d i a t i o n  c a p a b i l i t y .  

having 

2. Determination o f  the Nature o f  
Radio Frequency Radiation. 
T h e  Choice o f  a Model 

The ana lys i s  presented  i n  § I V . l  revealed t h a t  experimental  d a t a  con- 
cerning the  spectrum of  r a d i o  frequency r a d i a t i o n  of  Venus may be i n t e r p r e t e d  
wi th in  the framework of two models, which were examined above: t h e  model with 
a l'cold'f atmosphere, and the  model with a rrhotlr  atmosphere, Both models may 
b e  c o n s i s t e n t  with r a d a r  measurement d a t a .  Therefore on t h e  b a s i s  of s p e c t r a l  
measurements ( A )  a lone,  the  choice of a model and t h e  determinat ion of t h e  

phys ica l  parameters of Venus a r e  n o t  considered p o s s i b l e .  
supplementary experimental  d a t a  i s  required.  
o f  the  d i s t r i b u t i o n  of r a d i o  b r i g h t n e s s ,  t h e  dimensions of  t h e  r a d i a t i n g  
area, and a l s o  the  p o l a r i z a t i o n  of the  r a d i a t i o n  received from the  p l a n e t  
f u r n i s h  these  data .  We s h a l l  perform an ana lys i s  of  t h e s e  da ta .  

bo 
The inc lus ion  o f  

Radio-as tronomic measurements 

a )  An Analysis o f  t h e  Results of t h e  Measurement o f  Radio Brightness 
Dis t r ibu t ion  

Kellog and Sagan [33] i n d i c a t e d  s e v e r a l  experiments which might be of 
a s s i s t a n c e  i n  the  s e l e c t i o n  of one of the  a l t e r n a t i v e  models of Venus. One of 
these  experiments w a s  the  i n v e s t i g a t i o n  of limb br ighten ing  on Venus n e a r  t h e  
1 cm wave. The i d e a  of  the  experiment c o n s i s t s  of  t h e  fact  t h a t  i f  r a d i a t i o n  
from Venus i s  caused by t h e  p lane tary  ionosphere,  which has a h igher  k i n e t i c  
e l e c t r o n  temperature than the  sur face ,  then one may expect an increase  i n  t h e  
br ightness  temperature of t h e  p l a n e t  on t h e  limb, where t h e  o p t i c a l  th ickness  
on t h e  l i n e o f  s i g h t  i s g r e a t e r  than i n  t h e  center .  I n  t h e  case of absorpt ion 
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i n  t h e  "cold" atmosphere, one may expect a decrease i n  t h e  br ightness  tempera- 
t u r e  of t h e  p l a n e t  from t h e  d i s k  toward t h e  limb. 

However, as has a l ready been poin ted  o u t  above, such measurements 
conducted a t  the main astronomical observatory [42] of t h e  C a l i f o r n i a  I n s t i t u t e  
of Technology [136], and on t h e  space v e h i c l e  "Mariner-2" [105], revealed /127 
q u a n t i t a t i v e l y  d i s s i m i l a r  r e s u l t s  concerning t h e  charac te r  of t h e  d i s t r i b u t i o n  
of rad io  br ightness  on t h e  Venus d isk .  

Besides t h e  i n s u f f i c i e n t  accuracy and incons is tency  i n  a v a i l a b l e  
experimental  d a t a ,  i t  should b e  noted t h a t  t h e  s ta tement  of  t h e  problem does 
not  give a uniform answer concerning t h e  model o f  Venus. 
model with a "cold" atmosphere, limb br ighten ing  may be expected i n  t h e  
cent imeter  band during an observat ion of  t h e  p l a n e t a r y  s u r f a c e  a t  an angle 
c l o s e  t o  Brewster's angle.  Heiles and Drake [182] used t h i s  fact  f o r  an 
i n t e r p r e t a t i o n ,  wi th in  the  framework of  the model of Venus, of t h e  limb 
br ighten ing  obtained by Clark and Spencer [136]. However t h e  d i e l e c t r i c  
p e r m i t t i v i t y  of t h e  s u r f a c e  mater ia l  E z 40, requi red  f o r  agreement with 
experiment , is  i n  sharp c o n t r a d i c t i o n  t o  radar  measurement d a t a  of  Venus. 

In  fact ,  even i n  t h e  

On t h e  o t h e r  hand, darkening of t h e  limb o f  the  d isk  i s  a l s o  n o t  
unequivocal evidence f o r  t h e  use of t h e  model with a "cold" atmosphere. In  
f a c t ,  it may b e  caused n o t  by absorpt ion i n  t h e  ' lcold' l  atmosphere of the  
p l a n e t ,  bu t  by a decrease i n  t h e  r a d i a t i o n  c a p a b i l i t y  from t h e  c e n t e r  t o  t h e  
limb o f  t h e  v i s i b l e  d isk  f o r  h o r i z o n t a l  p o l a r i z a t i o n .  Korol'kov and o t h e r s  
[42] i n t e r p r e t e d  t h e i r  experimental  d a t a  i n  j u s t  t h i s  way, which led  them t o  
the  conclusion t h a t  the  d i e l e c t r i c  p e r m i t t i v i t y  of t h e  s u r f a c e  of  Venus i s  
E > 4. Another p o s s i b l e  i n t e r p r e t a t i o n  of limb darkening may be absorpt ion 
and re-emission of r a d i a t i o n  observed i n  t h e  cold atmosphere of t h e  p l a n e t .  
F i n a l l y ,  a t h i r d  i n t e r p r e t a t i o n  of darkening o f  t h e  limb i s  p o s s i b l e .  I n  
accordance t o  t h i s  i n t e r p r e t a t i o n ,  t h e  r a d i a t i o n  observed emanates from a 
l a y e r ,  the  temperature of which increases  with t h e  approach of the  l a y e r  
toward t h e  s u r f a c e ;  however, the  absolute  va lue  of  t h e  temperature is by no 
means required t o  be lower than t h e  temperature o f  the  s u r f a c e .  I n  f a c t ,  
Danilov and Yatsenko [24] examined a double-layer ionospheric  model which 
revealed an a c t u a l  decrease i n  br ightness  temperature from t h e  c e n t e r  toward 
t h e  limb, and only a small  b r i g h t  r i n g  a t  a cer ta in  d i s t a n c e  from t h e  limb, 
which may not  have been resolved i n  t h e  experiments s t a t e d  above. 

With a l i t t l e  imagination, it is  p o s s i b l e  t o  devise  a more complex 
ionospheric  model wuch t h a t  we may have both br ighten ing  and darkening of 
t h e  limb while maintaining an agreement with t h e  experiments s t a t e d  above 

I n  t h i s  way, measurements of the  d i s t r i b u t i o n  of  b r i g h t n e s s  temperature 
on the  Venus d i s k  have not  answered t h e  quest ion o f  t h e  mechanism of  i t s  
r a d i a t i o n  e i t h e r .  

F i n a l l y ,  measurements of t h e  angular  dimensions of t h e  r a d i a t i o n  a r e a ,  
although providing a d d i t i o n a l  c o n s t r a i n t s  f o r  t h e  model with a ''hot" / 128 
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atmosphere, do n o t  def ine  t h e  n a t u r e  of t h e  r a d i a t i o n  received.  In  fact ,  i f  
t h e  r a d i a t i o n  from Venus i n  t h e  cent imeter  band i s  caused, as assumed i n  t h e  
model with the  "hot" atmosphere, by a cer ta in .  e l e c t r i c a l l y  a c t i v e  medium 
loca ted  i n  the  p l a n e t a r y  atmosphere above t h e  s u r f a c e ,  measurements of t h e  
dimension of t h e  r a d i a t i n g  area may g ive  only an eva lua t ion  o f  the  r e l a t i v e  
a l t i t u d e  of the  r a d i a t i n g  medium. 

Such measurements, conducted by Korol'kov, Par iysk iy ,  Timofeyeva, and 
Khaykin 1421, and Kuz'min and Clark [61], revealed t h a t  t h e  rad ius  of t h e  
r a d i a t i o n  a r e a  does n o t  exceed 1.07 and 1 .00  of t h e  r a d i u s  of t h e  v i s i b l e  
Venus d isk  on t h e  3.02 and 10.6 cm waves, r e s p e c t i v e l y .  This shows t h a t  t h e  
source of  r a d i o  frequency r a d i a t i o n  from Venus i n  t h e s e  bands cannot be 
r a d i a t i n g  p lane tary  b e l t s ,  which occurs,  f o r  example, i n  t h e  case of J u p i t e r .  
The r e s u l t s  of t h e s e  measurements provide a d d i t i o n a l  r e s t r i c t i o n s  f o r  the  
parameters of  the  ionospheric  model. I n  order  t o  o b t a i n  

i n  determining t h e  maximum a l t i t u d e  o f  t h e  r a d i a t i n g  l a y e r  from measurements 

of  angular  dimensions, an ionospheric  e l e c t r o n  concent ra t ion  N > 1 0  
i s  requi red .  

10 cm-3 

b )  Determination of t h e  Radiating Medium and t h e  Choice of a V e n u s  
Model on t h e  Basis o f  Measurements of D i f f e r e n t i a l  Polar iza t ion  

One of the b a s i c  problems of Venus physics ,  t h e  s o l u t i o n  of which 
determines the  choice between the  models with a "cold" and "hot" atmosphere 
and t h e r e f o r e  the  temperature of the  p l a n e t a r y  s u r f a c e ,  is t h e  problem 
concerning t h e  n a t u r e  of t h e  l a y e r  respons ib le  f o r  r a d i a t i o n  i n  t h e  wavelength 
bands from 3 t o  20 cm. An i n v e s t i g a t i o n  of  the  presence o r  t h e  lack of 
d i f f e r e n t i a l  p o l a r i z a t i o n  of r a d i a t i o n  from var ious  p a r t s  of t h e  v i s i b l e  
p lane tary  disk may c o n s t i t u t e  a d e c i s i v e  experiment f o r  an answer t o  t h i s  
problem. 

The i d e a  o f  the  experiment c o n s i s t s  of t h e  f a c t  t h a t  p lane tary  r a d i a t i o n  
must be p o l a r i z e d  on t h e  limbs of t h e  v i s i b l e  d i s k  i f  i t  is  caused by a 
p lane tary  sur face  having a sharp  l i n e  of s e p a r a t i o n  with t h e  surrounding 
medium, o r  non-polarized i f  i t  is  caused by t h e  ionosphere,  t h e  cloud l a y e r ,  
o r  some o t h e r  kind of d i f f u s e  formation without  a d e f i n i t e  l i n e  of separa t ion .  
The high r e s o l u t i o n  requi red  f o r  t h i s  experiment may b e  achieved through the  
use  of t h e  in te r fe rometer  method of observat ion [18]. 

The presence of  d i f f e r e n t i a l  p o l a r i z a t i o n ,  which i s  t o  be expected if t h e  /12Q 
r a d i a t i o n  from Venus i s  caused by i t s  s u r f a c e ,  leads t o  t h e  f a c t  t h a t  t h e  
d i s t r i b u t i o n  of r a d i o  br ightness  on t h e  p lane tary  d isk  w i l l  depend on t h e  
p o l a r i z a t i o n  of  t h e  r a d i a t i o n  received:  t h e  b r i g h t n e s s  temperature w i l l  be 
g r e a t e r  near  t h e  limbs of  t h e  d i s k  o r i e n t e d  i n  t h e  d i r e c t i o n  o f  the  p o l a r i z a -  
t i o n  under i n v e s t i g a t i o n  with re ference  t o  t h e  c e n t e r  o f  t h e  p lane t  than near  t h e  
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limbs, o r i e n t e d  i n  orthogonal d i r e c t i o n s .  
t h i s  must l e a d  t o  a dependence of  t h e  v i s i b i l i t y  func t ion  on t h e  in te r fe rometer  
p o l a r i z a t i o n :  with an equal in te r fe rometer  b a s e l i n e  length ,  t h e  v i s i b i l i t y  
funct ion a t  a p o l a r i z a t i o n  perpendicular  t o  t h e  base of  t h e  in te r fe rometer ,  

must be g r e a t e r  than t h e  v i s i b i l i t y  func t ion  a t  a p o l a r i z a t i o n  p a r a l l e l  

In  t h e  case o f  non-polarized r a d i a t i o n ,  caused t c  t h e  e f f e c t i v e  base ,  

by a d i f f u s e  formation, w e  may expect t h a t  F 

During in te r fe rometer  measurements 

Fl' 
F l l .  

I= F I I -  
I t  is important t o  emphasize t h a t  t h e  d i r e c t i o n  of  t h e  p o l a r i z a t i o n  

expected i s  assoc ia ted  only with t h e  d i r e c t i o n  of t h e  e f fec t ive  base of t h e  
in te r fe rometer  and, therefore ,  may b e  changed through a change i n  t h e  
o r i e n t a t i o n  of the  l a t te r ,  i . e .  , by a change i n  t h e  condi t ions o f  t h e  experi-  
ment. This fact  r a d i c a l l y  d i s t i n g u i s h e s  d i f f e r e n t i a l  p o l a r i z a t i o n  of t h e  
type examined from p o l a r i z a t i o n  caused, f o r  example, by t h e  p lane tary  magnetic 
f i e l d  (which is  the  case f o r  J u p i t e r ) ,  i . e . ,  i n  t h e  l a t t e r  case a d i r e c t i o n  o f  
p o l a r i z a t i o n  is determined by the  p lane tary  parameters , and does not  change 
with a change i n  t h e  condi t ions of the  experiment. 

Kuz'min and Clark E611 conducted measurements o f  t h e  d i s t r i b u t i o n  o f  /130 
rad io  br ightness  on the  Venus d i s k  i n  polar ized  r a d i a t i o n .  The r e s u l t  of 
t h e s e  measurements, p resented  i n  Figure I V .  10 i n  t h e  form o f  the  d i f f e r e n c e  F 1- 

1 F I  I , revea ls  an excess o f  F 

over  F s u b s t a n t i a l l y  exceed- 

ing  measurement e r r o r ,  which 
d e f i n i t e l y  e s t a b l i s h e s  t h e  f a c t  
of the presence of d i f f e r e n t i a l  

415 

I 1  
Q'o 

\= p o l a r i z a t i o n  o f  the  r a d i o  
44 frequency r a d i a t i o n  of  Venus. 
Q05 Therefore,  t h e  b a s i c  p o r t i o n  

I 

of  t h e  rad io  frequency r a d i a t i o n  
of Venus on the  10 cm wavelength 
band is  thermal r a d i a t i o n  of a 

1 ~- I 
a4ao 4500 a,saa 0,700 0,800 medium having a sharp  l i n e  of 

s u r f a c e .  Hence, t h e  model of 
B s e p a r a t i o n ,  i . e . ,  t h e  p lane tary  

Venus with a "hot atmosphere", 
in which i t  was assumed that the 
r a d i o  frequency r a d i a t i o n  of  t h e  
p l a n e t  on t h e  cent imeter  wave- 
length band i s  dependent n o t  on 

Figure IV.10. 
Functions f o r  Polar iza t ions  Perpen- 
d i c u l a r  and P a r a l l e l  t o  t h e  Ef fec t ive  Base 
of t h e  Interferometer .  

Difference Between V i s i b i l i t y  

t h e  s u r f a c e ,  b u t  on a c e r t a i n  
e l e c t r i c a l l y  a c t i v e  formation i n  the  atmosphere of the  p l a n e t ,  must b e  
r e j e c t e d .  
Venus with a "cold" atmosphere, i n  which a la rge  p o r t i o n  of  t h e  r a d i o  f r e -  
quency r a d i a t i o n  of t h e  p l a n e t  on the  10 cm wavelength band depends upon i t s  
s u r f a c e .  

For f u r t h e r  i n v e s t i g a t i o n  it is necessary t o  accept  t h e  model of 

I t  should b e  kept  i n  mind, however, t h a t  t h e  accepted model, as w e l l  as 
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any model i n  genera l ,  i s  only a f i rs t  approximation t o  t h e  phys ica l  condi t ions 
on t h e  p l a n e t ,  which i n  r e a l i t y  may prove t o  be more complex. 

1 

3 .  T h e  Surface of V e n u s  

only one of t h e  v e r t i c a l  s e c t i o n s .  
The 
p o r t i o n  may be g r e a t e r ,  and t h e r e f o r e ,  
f o r  determinat ion o f  the  average 
i n c l i n a t i o n ,  a l l  such v e r t i c a l  
s e c t i o n s  must be averaged, i . e . ,  

t r u e  i n c l i n a t i o n  of  any very small 

- J (0) COS 0 sin Bd0 e =  ___ . (IV.17) 
[ F (0) cos 0 sin Od0 

a )  An Evaluation of t h e  Microre l ie f .  

Analogous measurements f o r  the  
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Moon, made by Evans and P e t t e n g i l l  on t h e  60 cm wave [164], g ive  e = 10.2", 
i . e . ,  the  unevenness of t h e  re l ie f  of Venus is l e s s  than t h a t  of  t h e  Moon. 

Carpenter [129] made an a n a l y s i s  of  Venus measurement d a t a  on t h e  12.5 cm 
wave f o r  t h e  Gaussian c o r r e l a t i o n  func t ion ,  on t h e  b a s i s  of a s i m i l a r  technique 
developed by Daniels [140], which l e d  t o  t h e  root-mean-square i n c l i n a t i o n  of 
t h e  r e f l e c t i n g  sur faces  s = 6.2'. 
s u r f a c e  smoothness of Venus i n  comparison with t h e  Moon. 

This a l s o  i n d i c a t e s  a high degree of 

b)  An Evaluation o f  t h e  D i e l e c t r i c  P e r m i t t i v i t y  and D e n s i t y  of  t h e  
Surface Matter o f  t h e  P l a n e t .  

/132 

The r e s u l t s  of r a d i o  p h y s i c a l  measurements of  Uenus make i t  p o s s i b l e  t o  
eva lua te  t h e  d i e l e c t r i c  p e r m i t t i v i t y  E and the  dens i ty  of  t h e  s u r f a c e  
mat te r  o f  Venus. Such an eva lua t ion  may b e  conducted independently on t h e  
b a s i s  of  r a d a r  and r a d i o  astronomic measurement data .  

The determinat ion of E i n  accordance with r a d a r  d a t a  i s  c a r r i e d  out  with 
t h e  a i d  of t h e  r e l a t i o n s h i p  (11.83) i n  accordance with t h e  c o e f f i c i e n t  of 
r e f l e c t i o n  0 .  The q u a n t i t y  p i s  evaluated on t h e  b a s i s  of the  e f f e c t i v e  
c ross -sec t ion  o f  r e f l e c t i o n  0 and of i n v e s t i g a t i o n  of  t h e  n a t u r e  of the  

r e f l e c t i o n .  

shown i n  Figure 1 1 1 . 1 2 ,  revea l  t h a t  t h e  e f f e c t i v e  c ross -sec t ion  of r e f l e c t i o n  
is s u b s t a n t i a l l y  i d e n t i c a l  i n  t h e  wavelength band from 20 t o  70 cm and 
decreases r a p i d l y  on s h o r t e r  waves. I t  is  d i f f i c u l t  t o  expla in  such a sharp 
decrease i n  0 

mat ter !  of the  p l a n e t .  I t  i s  more n a t u r a l  t o  assume t h a t  t h e  n a t u r e  of the  
dependence 0 ( A )  observed i s  caused by absorpt ion i n  t h e  atmosphere of Venus. 

Allowing f o r  the  double passage of the  r a d a r  s i g n a l  through the  p lane tary  
atmosphere, t h e  o p t i c a l  thickness  T of t h e  l a t t e r  i n  t h i s  case must be 0.13 
and 1.4 on the  12.5 and 3.6 cm waves, r e s p e c t i v e l y .  Such an assumption does 
not  c o n t r a d i c t  t h e  conclusion reached above t h a t  on t h e  10 c m  wavelength band 
t h e  r a d i o  frequency r a d i a t i o n  from Venus received on t h e  Earth i s  p r i n c i p a l l y  
p lane tary  s u r f a c e  r a d i a t i o n ,  s i n c e  on t h e  10.6 cm wave t h e  o p t i c a l  atmos- 
p h e r i c  thickness  i n  t h i s  case w i l l  be only 0.22. There i s  a p o s s i b l e  
c o n t r a d i c t i o n  i n  t h e  va lues  of T (es t imated  above i n  accordance with the  
decrease i n  a 
of Venus's r a s i a t i o n  spectrum, obta ined  w i t h i n  the framework of t h e  accepted 
p l a n e t a r y  model with a "cold" atmosphere ( see  Figure IV.3). The p o s s i b l e  
cont rad ic t ion  may be e l imina ted  by assuming t h e  presence of two absorbent 
layers  i n  the  atmosphere of  Venus. T h e . f i r s t  is a "cold" upper l a y e r ,  
def in ing  t h e  r a d i o  frequency r a d i a t i o n  spectrum o f  Venus b u t  e x e r t i n g  no 
inf luence  on r a d a r  measurements obtained s i n c e  even f o r  3 . 6  c m ,  t h e  s h o r t e s t  
wave t h a t  r a d a r  measurements were c a r r i e d  out  on, t h e  absorpt ion i n  t h i s  l a y e r  
was n e g l i g i b l y  small. The second is  a lower s u r f a c e  l a y e r  which absorbs t h e  
r a d a r  s i g n a l ,  b u t  renders  no s u b s t a n t i a l  in f luence  on t h e  va lue  of t h e  
p lane tary  b r i g h t n e s s  temperature measured s i n c e  t h e  temperature o f  t h i s  l a y e r  
i s  c l o s e  t o  t h e  s u r f a c e  temperature.  

e 
The r e s u l t s  of t h e  measurement of t h e  ae dependence on wavelength, 

by frequency dependence of t h e  r e f l e c t i o n  from t h e  sur face  e 

e 

with a shor ten ing  of t h e  wave) requi red  f o r  t h e  r e a l i z a t i o n  
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As has a l ready  been pointed out  e a r l i e r ,  it i s  u s u a l l y  assumed i n  
i n t e r p r e t i n g  r a d a r  measurement d a t a  
only two components: t h e  quas i - specular  and t h e  d i f f u s e :  . I n  t h i s  case t h e  /133 
c a l c u l a t i o n ,  accomplished with t h e  a i d  of (11-91) ,  leads t o  values  f o r  t h e  
s u r f a c e  r e f l e c t i o n  c o e f f i c i e n t  p of  0.141, 0.147 and 0.127 on t h e  23 m, 43 
c m ,  and 70 cm waves, r e s p e c t i v e l y .  The average of  t h e s e  measurements = 0.138 
corresponds t o  the  d i e l e c t r i c  p e r m i t t i v i t y  of t h e  s u r f a c e  m a t e r i a l  E = 4.7. 
In  accomplishing t h i s  c a l c u l a t i o n ,  it w a s  assumed t h a t  b = 1 -bd, i . e . ,  

t h a t  any r e f l e c t i o n  n o t  s a t i s f y i n g  t h e  condi t ion of d i f f u s e  r e f l e c t i o n  i s  
quas i - specular .  
mation and t h a t  t h e  t r a n s i t i o n  between d i f f u s e  and quasi-specular  r e f l e c t i o n  
must.proceed smoothly, i . e . ,  t h e r e  must e x i s t  on t h e  c h a r a c t e r i s t i c  curve of 
r e f l e c t i o n  an in te rmedia te  a r e a  between t h e  d i f f u s e  and quas i - specular ;  i n  a i -  
lowing f o r  t h i s ,  we have f o r  convenience termed t h e  r e f l e c t i o n  from t h i s  a r e a  
"sca t te red" ,  and t h e  c o e f f i c i e n t  of r e f l e c t i o n  p is  l inked with t h e  parametr ic  
measurements u I t  i s  a l s o  apparent t h a t  

t h a t  t h e  r e f l e c t e d  r a d i a t i o n  c o n s i s t s  of 

SP 

I t  i s  apparent t h a t  t h i s  assumption i s  only a f i r s t  approxi- 

and bd by t h e  r e l a t i o n s h i p  (11.94).  e 
1 - b  = b  d sp  + bs' 

90' 

no 
Figure Iv .12 .  Or ien ta t ion  of t h e  Poles o f  Venus: 
Q - is t h e  p o l e  of "coldness" according to p o l a r i z a t i o n  measure- 
ments [61];  0 - i s  t h e  pole of "coldness" according t o  measure- 
ments of t h e  asymmetrical d i s t r i b u t i o n  of t h e  br ightness  temperature [61];  

- i s  t h e  pole  o f  r o t a t i o n  according t o  radar  measurements a t  
9 l  t e J e t  Propulsion Laboratory; - is t h e  po le  of  r o t a t i o n  
accord i ng t o  radar 
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The ques t ion  concerning the  r e l a t i o n s h i p  between b and bd demands 
SP 

s p e c i a l  i n v e s t i g a t i o n .  However, f o r  t h e  next  approach , it seems reasonable 
t o  assume t h a t  t h e  energy o f  t h e  s c a t t e r e d  component o f  t h e  r e f l e c t e d  
r a d i a t i o n  i s  2 - 4 times less than t h e  energy of t h e  quas i - specular  component. 
In t h i s  case 

b ----)(l-bd) 1 

s r 3 5 ,  

and the  c a l c u l a t i o n  according t o  t h e  formula (11.94) under t h e  assumption 
t h a t  t h e  d i r e c t i o n a l  c o e f f i c i e n t  of the  s c a t t e r e d  component is  an average 
between t h e  d i r e c t i o n a l  components of  t h e  quas i - specular  and t h e  d i f f u s e  
components 

g ives  the  average va lue  = 0.11  - 0.13, which corresponds t o  E = 4 - 4.5. 
In an extreme case,  when t h e  quasi-specular  component is completely absent  
and a l l  of the  non-diffuse r e f l e c t i o n  i s  s c a t t e r e d ,  p = 0.080 which corres-  
ponds t o  E = 3.15. 

- 

Thus,according t o  r a d a r  measurement d a t a ,  t h e  d i e l e c t r i c  p e r m i t t i v i t y  
of the  s u r f a c e  *matter  of Venus f a l l s  wi th in  t h e  l i m i t s  E = 3.15 - 4.7, 
while the most probable  value is  E = 4 - 4.5.  

In order  t o  eva lua te  E according t o  r a d i o  astronomical measurement d a t a ,  
i t  i s  poss ib le  t o  u t i l i z e  t h e  f a c t  of t h e  dependence on E o f  t h e  d i f f e r e n t i a l  
p o l a r i z a t i o n  of t h e  r a d i a t i o n  from Venus and, t h e r e f o r e ,  t h e  d i f f e r e n c e  i n  
the  p lane tary  v i s i b i l i t y  func t ions  a t  p o l a r i z a t i o n s  perpendicular  and 
p a r a l l e l  t o  t h e  base of t h e  in te r fe rometer ,  Fl - F I I .  

The c a l c u l a t e d  dependence F 1 - F I  I f o r  var ious E i s  shown i n  Figure I V . 1 2 .  

The r e s u l t s  of d i f f e r e n t i a l  p o l a r i z a t i o n  measurements of the  r a d i o  frequency 
r a d i a t i o n  from Venus on t h e  10.6 cm wave [61] have a l s o  been en tered  on t h e  
same f i g u r e .  The c l o s e s t  agreement of  experimental  d a t a  with c a l c u l a t i o n s  
occurs with E = 2 . 2  * 0.2.  

However, t h e  q u a n t i t y  E obtained i n  t h i s  manner c h a r a c t e r i z e s  t h e  
r a d i a t i o n  of a smooth p l a n e t  with a t ransparent  atmosphere. 
shown above t h a t  f o r  t h e  10.6 cm wave, t h e  p l a n e t a r y  s u r f a c e  is p a r t i a l l y  
rough, and i t s  atmosphere is p o s s i b l y  p a r t i a l l y  absorbent.  Therefore ,  it is  
necessary t o  c a l c u l a t e  t h e  i n f l u e n c e  of  these  f a c t o r s  on t h e  d i f f e r e n c e  F 

But i t  was 

1- F I I  
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already invest igated,  and t o  introduce a corresponding correct ion i n t o  the 
determination pi.evious of the  value E .  

We s h a l l  make an estimate of the inf luence of the rough planetary surface 
on the bas i s  of radar  measurement data.  We s h a l l  s t i p u l a t e  here  f o r  s impl ic i ty  
t h a t  the quasi-specular and the d i f fuse  components of the r e f l ec t ed  s igna l  
are due t o  r e f l ec t ion  from various areas of the planetary surface of Venus, 
which a re  e i t h e r  completely smooth o r  completely mat. 

Since the rad ia t ion  of a mat surface i s  non-polarized, i n  t h i s  case one 
may expect a decrease i n  polar iza t ion  by 1 / (1  - ad) times*. For Venus near 

the  12.5 cm wave, ad = 0.125, and therefore  

g rea t e r  than the measured value. This  correct ion gives an increase i n  the 
d i e l e c t r i c  permi t t iv i ty  of A s  

the  t r u e  polar iza t ion  is 15% 

= 0.2.  1 

The inf luence of absorption i n  the atmosphere, analogous t o  the  influence 
of roughness, a l so  leads t o  a decrease i n  polar iza t ion .  The value of t h i s  
reduction i s  eT times. However, i n  connection with the f a c t  t h a t  the polar ized 
rad ia t ion  emanates not  from the center ,  bu t  from the limb of the v i s i b l e  disk 
of the p lane t ,  the  quant i ty  T w i l l  be g rea t e r  than the  atmospheric op t i ca l  
thickness i n  the center  of the disk -c0. 

atmosphere, T = 0 , where 8 is the angle between the d i rec t ion  t o  the 

observer and the perpendicular t o  the planetary surface.  
w i l l  be near angles 8 close t o  Brewster's angle 

In an approximation of a plane 
T 

cos e 
Maximum polar iza t ion  

eb = arctan &. ( I V .  18) 

When E = 3, eb = 60" and cos e = 0.50. Assuming, 

t ha t  T~ = 0.23, we obtain T = 0.46 and e* = 1.58. 

i n  an increase i n  the d i e l e c t r i c  permi t t iv i ty  A e  = 1.1. 2 

according t o  radar  da ta ,  

This correct ion r e s u l t s  

/135 

In order t o  ca lcu la te  large-scale  var ia t ions  from the spherical  surface,  
we s h a l l  assume tha t  the areas responsible f o r  quasi-specular r e f l ec t ion  a re  
formed from small areas ,  comparatively large with respect  t o  wavelength, with 
diverse  angles of i nc l ina t ion .  A correct ion f o r  the influence of these  
var ia t ions ,  calculated i n  [61] , i s  A e  

of the angle of u c l i n a t i o n  of the planetary surface.  Assuming, i n  agreement 
with [129], t ha t  a2 = 0.012, we obtain A e  

Allowing f o r  a l l  of the indicated correct ions,  the value of the d i e l e c t r i c  
permi t t iv i ty ,  evaluated i n  accordance with polar iza t ion  measurements, increases  
t o  E = 3.6, which agrees well  with the  corresponding evaluation obtained 
through the r e s u l t s  of radar  measurements. The value E obtained i s  s a t i s f i e d  

= 1 2  7, where a2 i s  the average square 3 

= 0.14. 3 

-~ ~ . .  . ~. ~~ _.__ . . ~ . .  .- . . ._ . ~ _ - -  ~ - i  --_ . ~ ~ ~ . . . .  ~~ 

* The meaning of the parameter ad was c l a r i f i e d  on page 48. 
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by dry s i l i c a t e  rocks of the  same type as dry sand, g r a n i t e ,  b a s a l t ,  d i o r i t e ,  
duni te ,  [51], l imonite  [263] and o t h e r  dry rocks of a t e r r e s t r i a l  type.  

The d a t a  obtained do n o t  make it p o s s i b l e  t o  answer t h e  ques t ion  o f  
whether t h e  s u r f a c e  of Venus is s o l i d  o r  l i q u i d .  However, such a l i q u i d  could 
n o t  b e  water, which has a s i g n i f i c a n t l y  lower b o i l i n g  p o i n t  and a s i g n i f i c a n t l y  
h igher  d i e l e c t r i c  p e r m i t t i v i t y  than what we have determined f o r  the  p l a n e t a r y  
sur face .  Several  o i ly- type  f l u i d s  s a t i s f y  t h e  p h y s i c a l  condi t ions on Venus, 
However, the  hypothesis  t h a t  the  s u r f a c e  of Venus i s  an o i l  ocean, seems f a l s e .  
Moreover, r a d a r  measurements, having shown s t a b l e  formations on Venus with 
ref lect i ,on c h a r a c t e r i s t i c s  d i f f e r i n g  from t h e  remainder of  t h e  p l a n e t ,  
apparent ly  t e s t i f y  a g a i n s t  t h e  assumption t h a t  t h e  e n t i r e  s u r f a c e  of  t h e  
p l a n e t  i s  l i q u i d .  

I t  i s  more probable  t h a t  t h e  s u r f a c e  of Venus i s  mainly s o l i d .  I f  t h i s  
assumption is  c o r r e c t ,  then t h e  r e s u l t s  obtained make it p o s s i b l e  t o  eva lua te  
t h e  dens i ty  of the  sur face  m a t t e r  of Venus. This eva lua t ion  i s  based on 
the empir ical  dependence of the  d e n s i t y  p on t h e  d i e l e c t r i c  p e r m i t t i v i t y  E .  

ps.--,  vi-- 1 

0.5 

obtained by Krotikov [49] f o r  var ious dry t e r res t r ia l  rocks.  For Venus E = 3.6,  
which corresponds t o  p0 = 1.8 g - The value obtained is  c lose  t o  the  /136 

This a l s o  forms a 
b a s i s  f o r  suggest ing t h a t  t h e  s u r f a c e  mat te r  o f  Venus may be analogous t o  
dry t e r r e s t r i a l  s u r f a c e  rocks.  

dens i ty  f o r  t e r r e s t r i a l  s u r f a c e  rock p h  = 2 g - cm- 3 . 

c )  Surface Temperature and i t s  Planetary Dis t r ibu t ion  

( 1 )  A m b i g u i t y  i n  Brightness Temperature Dis t r ibu t ion .  T h e  Detection 
of "Cold" Areas of t h e  P lane t .  

The p o s i t i o n a l  angle  of the  e f f e c t i v e  base of t h e  in te r fe rometer  x, and 
t h e r e f o r e  t h e  d i r e c t i o n  i n  which t h e  i n v e s t i g a t i o n  of  t h e  d i s t r i b u t i o n  of 
rad io  br ightness  is  c a r r i e d  o u t ,  depe-nds on t h e  o r i e n t a t i o n  of t h e  base of 
the in te r fe rometer  and on the  p o s i t i o n  of t h e  source on t h e  c e l e s t i a l  sphere 
( see  Figure 11.14). This circumstance makes i t  p o s s i b l e  t o  i n v e s t i g a t e  t h e  
presence of c e n t r a l  symmetry of t h e  br ightness  temperature d i s t r i b u t i o n  on t h e  
v i s i b l e  d i s k  of the  p l a n e t .  With a lack of c e n t r a l  symmetry, as i n d i c a t e d  i n  
§ 11.1, i t  could b e  expected t h a t  the  i n t e g r a t e d  p l a n e t a r y  r a d i a t i o n  would be 
i n  p a r t  l i n e a r l y  polar ized .  
i n t e g r a t e d  r a d i a t i o n  allows an independent i n v e s t i g a t i o n  o f  the  n a t u r e  of t h e  
symmetry of  t h e  br ightness  temperature d i s t r i b u t i o n  by another  method. 

Thus a measure of l i n e a r  p o l a r i z a t i o n  of t h e  

The dependence of t h e  p l a n e t a r y  v i s i b i l i t y  func t ion ,  with c e n t r a l  
asymmetric d i s t r i b u t i o n  of br ightness  temperature , on t h e  p o s i t i o n a l  angle 
of t h e  e f f e c t i v e  base  of t h e  in te r fe rometer ,  i s  determined by t h e  r e l a t i o n s h i p  
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(11.60). 
east-west (EW) o r  north-south (NS), i . e . ,  t h e  d i r e c t i o n s  must o f t e n  taken,  t h e  
dependence o f  t h e  s p a t i a l  freq-uency B on hour angle  t i s  an- even func t ion .  
a comparison of two measurements 
(and t h e r e f o r e  wi th  i d e n t i c a l  B ) ,  t o  culmination 

With o r i e n t a t i o n s  of t h e  b a s e  of t h e  i n t e r f e r o m e t e r  i n  t h e  d i r e c t i o n s  

Then, 
conducted with i d e n t i c a l  hour angle  values  

(Ft < o) and a f t e r  t r a n s i e n t  

) from the  r e l a t i o n s h i p  ( F t  > 0 

(IV. 19) 

revea ls  t h a t  it is  n o t  d i f f i c u l t  t o  determine a genera l ized  parameter f i  of t h e  
temperature d i s t r i b u t i o n  which c h a r a c t e r i z e s  c e n t r a l  asymmetry (see page 37) ,  
and a l s o  t o  c a l c u l a t e  t h e  angle  @ which gives  t h e  d i r e c t i o n  o f  t h i s  asymmetry. 
The s i g n  I f + r 1  i n  t h e  formula (IV.19) corresponds t o  t h e  NS base and t h e  s i g n  
1 1 - 1 1  t o  the EW base.  

Measurements by Kuz'min and C l a r k  [61 J r evea led  an e s s e n t i a l  d i f f e r e n c e  
and Ft < o, s i g n i f i c a n t l y  exceeding measurement e r r o r s .  

t > O  between F 

Independent measurements of  the  p o l a r i z a t i o n  of  r a d i o  frequency r a d i a t i o n ,  
conducted by S e i e l s t a d  and o thers  [293] and Kuz'min and Clark [61], a l s o  
t e s t i f y  i n  favor  of t h e  l a c k  of  c e n t r a l  symmetry i n  t h e  br ightness  temperature 
d i s t r i b u t i o n  on t h e  v i s i b l e  d isk  of  Venus. The va lue  of t h e  asymmetry cor res -  
ponds t o  t h e  genera l ized  parameter 6 = 0.25 + 0.05. The r e l a t i o n s h i p  of  t h i s  
parameter with t h e  magnitude of t h e  asymmetrical component on t h e  limb, shown 
i n  Table 11.1, revea ls  t h a t  i n  t h e  models of temperature d i s t r i b u t i o n  
examined i n  § 11.2, t h e  temperature of t h e  "cold pole" is 25-30% less than t h a t  
of t h e  e q u a t o r i a l  limb of t h e  v i s i b l e  d isk  of Venus. The coordinates  of t h e  
north "cold pole" of Venus have been def ined as A = 192"; B = 74" o r  c1 = 

P P P 
= 15 52m; 6 = 59" according t o  measurements o f  t h e  dependence (Ft > - 

A = 213"; B = 64" o r  c1 = 15 5 1 2 ~ ;  6 = 47O, according t o  p o l a r i z a t i o n  
P P P P 

measurements. Figure I V . 1 2  shows a comparison of  t h e  p o s i t i o n  of  t h e  "cold 
pole" of Venus with t h e  p o s i t i o n  of  t h e  poles  of p l a n e t a r y  r o t a t i o n ,  as  de- 
termined from radar  measurement d a t a .  This comparison r e v e a l s  t h a t  t h e  "coldI1 
poles  of Venus a r e  loca ted  n e a r  t h e  poles  of r o t a t i o n  and, t h e r e f o r e ,  t h a t  t h e  
a reas  of reduced br ightness  temperature a r e  t h e  p o l a r  a reas  of  t h e  p l a n e t .  
Interferometer  i n v e s t i g a t i o n s  of  t h e  d i s t r i b u t i o n  of t h e  br ightness  temperature 
i n  t h e  e q u a t o r i a l  d i r e c t i o n  [61],  measurements of phase v a r i a t i o n ,  and d i r e c t  
comparisons of t h e  br ightness  temperature of t h e  non-il luminated s i d e  of  Venus 
and t h e  s i d e  i l lusmina ted  by t h e  Sun, i n d i c a t e  an i n s i g n i f i c a n t  change i n  
surface temperature with a change i n  longi tude,  and a small temperature 
d i f f e r e n c e  between t h e  day and n i g h t  s i d e s  of t h e  p l a n e t .  

/ 137 - 

h 
P 

) on the  o r i e n t a t i o n  of the  e f f e c t i v e  base  o f  the  in te r fe rometer ,  and /138 
h Ft < 0 

(2)  A Determination of t h e  Radius of t h e  Planetary Surface.  

The r e s u l t s  of o p t i c a l  measurements of Venus were s t a t e d  i n  5 1 . 2 .  Due t o  
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t h e  non-transparence of t h e  cloud layer ,  t h e s e  measurements do n o t  make it 
p o s s i b l e  t o  determine the  rad ius  of  t h e  s u r f a c e  of t h e  p l a n e t .  Measurements o f  
t h i s  na ture  a r e  p o s s i b l e  through t h e  t ransparent  window i n  t h e  r a d i o  wave band. 
However, rad io te lescopes  c u r r e n t l y  a v a i l a b l e  and under cons t ruc t ion  do not  have 
t h e  required reso lv ing  power f o r  such an experiment. Therefore a t  t h e  p r e s e n t  
t i m e  and i n  t h e  foreseeable  f u t u r e  measurements of  t h e  rad ius  of t h e  s u r f a c e  of 
Venus are p o s s i b l e  only with t h e  a i d  of r a d i o  in te r fe rometer  technology. 

The f i rs t  measurements o f  t h i s  type based on t h e  t ransparent  window of  
Venus's atmosphere were c a r r i e d  out  by Kuz'min and C l a r k  [61]. 
was based on a measurement of  t h e  value of t h e  s p a c i a l  frequency B 
20) , where t h e  in te r fe rometer  v i s i b i l i t y  funct ion F vanishes .  
d i s t r i b u t i o n  of r a d i o  b r i g h t n e s s ,  it i s  p o s s i b l e  t o  determine r9 through 

(11.13) and (11.54).  The r e s u l t s  of  these  measurements revealed t h a t  t h e  
rad ius  of t h e  sur face  of t h e  p l a n e t  r9 = 6060 If: 55 km, i . e . ,  40 km l e s s  than 

t h e  ephemeris radius  of Venus and 60 km l e s s  than t h e  rad ius  of the  p lane t  
with t h e  cloud l a y e r .  

conducted by Kotel 'nikov and o thers  [45], who obtained t h e  c l o s e s t  agreement 
between c a l c u l a t i o n  and experiment with the  assumption t h a t  the  rad ius  of 
Venus i s  80 km l e s s  than t h e  ephemeris rad ius .  Preliminary d a t a  from radar  
measurements a t  Arecibo [159] a l s o  i n d i c a t e s  t h a t  the  radius  of Venus i s  less 
than t h e  ephemeris rad ius .  

The experiment 
(see page 0 

With a known 

The r e s u l t  obtained corresponds c l o s e l y  with r a d a r  measurements of Venus 

( 3 )  A Determination of t h e  True Surface Temperature. / 139 

The parameters E ,  6 ,  A ,  q and T obtained above, i n  combination with t h e  
r e s u l t s  of measurements of t h e  br ightness  temperature of Venus Tbp, averaged i n  
accordance with t h e  v i s i b l e  d i s k  of the p lane t ,  make it poss ib le  t o  

determine the  t r u e  temperature of t h e  s u r f a c e .  Calculated r e s u l t s  a r e  based on 
t h e  p r i n c i p l e  of a decrease i n  temperature from t h e  equator  t o  t h e  p o l e s .  
t h e  f o u r  forms of temperature d i s t r i b u t i o n  examined i n  § 1 1 . 2 ,  the  s u r f a c e  
temperature i s  T = 650 * 70" K a t  a p o i n t  oppos i te  t h e  Sun and approximately 

150°K lower i n  the a reas  near  the  poles .  

For 

e 

The true temperature def ined above r e f e r s ,  s t r i c t l y  speaking,  no t  t o  the  
s u r f a c e  of t h e  p l a n e t  i t s e l f ,  bu t  t o  a c e r t a i n  l a y e r  loca ted  a t  the  depth of 
p e n e t r a t i o n  of  the electromagnet ic  waves , and respons ib le  f o r  t h e  rad io  
frequency r a d i a t i o n  observed. 

We s h a l l  c a l c u l a t e  t h e  depth a t  which t h i s  l a y e r  is  loca ted ,  and t h e  
p o s s i b l e  temperature d i f f e r e n c e  between t h i s  l a y e r  and t h e  p lane tary  sur face .  

I n  agreement with [51] , t h e  depth of p e n e t r a t i o n  
wave is  

h 2 . _ _ _  
e 2n (tanA/p)pf/E' 

o f  t h e  electromagnet ic  

(IV. 20) 
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where tanA is  t h e  tangent  of t h e  l o s s  angle,  p is t h e  d e n s i t y  and E is t h e  
d i e l e c t r i c  sons tan t  of t h e  s u r f a c e  matter. We es t imated  t h e  q u a n t i t y  p above 
as 1.8.  
ob ta in  f o r  X = 10.6 cm &e depth o f  p e n e t r a t i o n  of t h e  electromagnet ic  wave 
2 = 88 cm. Further ,  w e  s h a l l  accept  t h e  temperature g r a d i e n t  i n  t h e  s o i l  o f  

the  p l a n e t  a s  equal t o  t h a t  of Earth,grad T = 0.025 grad  - m-'. 
d i f f e r e n c e  i n  temperature between t h e  r a d i a t i n g  l a y e r  and t h e  p l a n e t a r y  
s u r f a c e  is  

Assuming tanA = lo-' f o r  s i l i ca t e  rocks i n  agreement with [51], we 

e 
Then, t h e  

T,, - TDs= le grad T 0,CE". ( I V .  2 1 )  

Thus, €or t h e  s u r f a c e  composition of  Venus, s i m i l a r  t o  t h a t  of Earth,  TeO = 

The d i f f e r e n c e  i n  T and T does not  exceed measurement e r r o r s  even = T  

by t h r e e  magnitudes with a change i n  t h e  component parameters of  (IV.20) and 
(IV. 21) .In p r a c t i c e ,  t h e r e f o r e ,  we may consider  t h a t  t h e  temperatures determined 

above are t h e  t r u e  temperatures of the  s u r f a c e  of  Venus. 

e0 P PS * 

(4 )  Concern i ng t h e  Mechanism o f  Surf ace Heat i ng . 
The problem of s u r f a c e  hea t ing  i n  t h e  maintenance of  high s u r f a c e  

temperatures i s  one of  t h e  problems of t h e  physics  of  Venus which i s  n o t  a t  
a l l  c l e a r .  

A c a l c u l a t i o n  of thermal balance i n  t h e  presence of  t h e  s o l a r  r a d i a n t  en+ / I40  
ergy and o f  r a d i a t i o n  l o s s e s  lead  t o  an equi l ibr ium temperature a t  a s u b s o l a r  
p o i n t .  

- 

( I V .  22) 

6 -1 e r g  . cm Here Esol is  the  s o l a r  constant  1.37 * 10 

erg - cm-2 deg 
albedo of the  p l a n e t ,  A is  i t s  d i s t a n c e  from t h e  Sun expressed i n  f r a c t i o n s  
of an astronomical u n i t .  

[ 2 ] ,  CT = 5.67 * 

- 4  - s e c  ', a cons tan t  i n  S tefan ' s  r a d i a t i o n  formula, A is  the  

For a r o t a t i n g  p l a n e t  with uniform thermal energy d i s t r i b u t i o n  on t h e  
p lane tary  s u r f a c e ,  the  equi l ibr ium temperature is  

(IV. 23) 

The c a l c u l a t e d  temperature of Venus, with an albedo of 0 .7  f o r  a r o t a t i n g  p l a -  
n e t ,  i s  only 240'K. The presence of an atmosphere changes t h e  thermal balance 
of  a p l a n e t .  
suppresses both t h e  d i r e c t  s o l a r  r a d i a t i o n  and t h e  c h a r a c t e r i s t i c  r a d i a t i o n  of  

This change c o n s i s t s  of  t h e  fact  t h a t  t h e  atmosphere p a r t i a l l y  
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the planetary surface.  
t i c s  of these rad ia t ions ,  the at tenuat ion of these rad ia t ions  by the atmos- 
phere may a l so  be d i f f e ren t .  
planetary surface receives addi t ional  exposure; f i rs t ,  as a r e s u l t  of s o l a r  
rad ia t ion  dispersed by the atmosphere, and secondly, as a r e s u l t  of character-  
i s t i c  thermal rad ia t ion  of the atmosphere. 
may e i t h e r  reduce the temperature of the  surface o r  r a i s e  it. The l a t t e r  case 
i s  associated with the so-cal led "greenhouse e f fec t"  and occurs i f  the com- 
ponents making up the atmosphere of the  p lane t  have bands of absorption i n  
the  fa r - inf ra red  por t ion  of the spectrum , at which maximum cha rac t e r i s t i c  
atmospheric rad ia t ion  occurs. 

In  connection with the d i f f e ren t  s p e c t r a l  character is-  

Moreover, when an atmosphere is  present ,  the 

A combination of these processes 

Under such conditions,  the stream of s o l a r  rad ia t ion  passes through the 
radiat ion-transparent  atmosphere t o  the surface of the planet  with only a 
small amount of a t tenuat ion,  whereas the cha rac t e r i s t i c  surface rad ia t ion  
i s  absorbed t o  a s ign i f i can t  degree by the atmosphere and is re rad ia ted  back 
t o  the su r f  ace. 

The indicated greenhouse e f f e c t ,  caused by the presence i n  the atmos- 
phere of carbon dioxide and water,  occurs on the Earth,  increasing the 
average temperature of the Earth by approximately 50°K i n  comparison t o  
the equilibrium temperature 245°K. 

In connection with the f a c t  t ha t  the atmosphere of Venus contains a 
s ign i f i can t ly  la rger  quant i ty  of C02 than the Earth 's  atmosphere, it might 
be expected t h a t  the greenhouse e f f e c t  on Venus would be more pronounced. 

A s ign i f i can t  decrease i n  the albedo of the planet  on waves longer than /141 
3 apparently ind ica tes  a high degree of absorption i n  the  planetary atmos- - 
phere i n  the band of i t s  cha rac t e r i s t i c  thermal rad ia t ion ,  and a l so  a t t e s t  
to  the presence of the greenhouse e f f e c t  on Venus. 

Wild [331] made the f i r s t  calculat ion of the  thermal balance of Venus's 
surface allowing f o r  the greenhouse e f f e c t .  Accepting t h a t  the planetary 
atmosphere contains ( 2  - 4) - l o 4  atm - cm C O Z Y  with a planetary albedo of 

0.60,  he calculated a surface temperature of 408°K. 
1 

A subsequent evaluation of the greenhouse e f f e c t  on Venus was made by 
Sagan [ 2 7 8 ,  2791, on the bas i s  of a so lu t ion  t o  the rad ia t ion  balance equation 

( I V .  24) 

where To is the equilibrium radia t ion  temperature , Ta is  the temperature of 

the atmospheric layer  responsible f o r  the absorption of the c h a r a c t e r i s t i c  
rad ia t ion  of the p lane t ,  c1 i s  the average value'  (according t o  the  spectrum) 
quant i ty  of t h i s  absorption, and T is  the temperature of the planetary sur-  

face.  

and 0.71, respect ively,  and assuming T = 234°K i n  agreement with [295], 

PS 
Having determined t h a t  T = 254 and 240°K f o r  a planetary albedo A = 0 .64  0 

a 
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Sagan est imated t h e  averaged absorpt ion r e q u i r e d  t o  h e a t  t h e  p l a n e t a r y  s u r -  
face ,  through t h e  greenhouse effect ,  t o  a temperature T The c a l -  

c u l a t i o n  revealed t h a t  99.5% o f  t h e  p l a n e t a r y  r a d i a t i o n  must be absorbed by 
t h e  atmosphere, i . e . ,  t h e  o p t i c a l  th ickness  o f  t h e  atmosphere i n  t h e  band o f  
c h a r a c t e r i s t i c  i n f r a r e d  r a d i a t i o n  of t h e  p l a n e t  must equal  5 .  

= 600°K. 
P 

Assuming t h a t  t h e  atmosphere of Venus c o n s i s t s  mainly of  carbon dioxide,  
and assuming lo5  a t m  cm CO i n  t h e  l a y e r  above t h e  clouds i n  agreement w i t h  

[41, 1021, Sagan est imated t h e  f u l l  C02  content  i n  t h e  atmosphere as 1 .8  0106 

atm - c m  f o r  a p l a n e t a r y  atmosphere i n  a s t a t e  of  convect ional  equi l ibr ium. 
However, t h e  i n d i c a t e d  q u a n t i t y  of  CO proved t o  be i n s u f f i c i e n t  t o  c r e a t e  a 2 
required greenhouse e f f e c t ,  due t o  t h e  t ransparence of  such an atmosphere on 
waves longer  than  18 1 ~ .  In  order  t o  c lose  t h i s  window, Sagan suggested t h e  
presence i n  t h e  atmosphere of  Venus of some o t h e r  molecule, absorbent i n  t h i s  
band, and i n  t h i s  capac i ty  he o f f e r e d  t h e  water  molecule. The required water  
vapor content  i n  t h e  atmosphere of  Venus must reach 9 g cm-2 suggested f o r  a 
synchronously r o t a t i n g  p l a n e t .  

2 

Plass  and S t u l l  [260] c a l c u l a t e d  t h e  absorpt ion i n  carbon dioxide a t  
high pressures  ( t o  31 atm) and a t  C 0 2  l e v e l s  up t o  2 .3  l o 7  atm 

a l s o  accepted t h e s e  r e s u l t s  as  an eva lua t ion  of t h e  h e a t i n g  of  Venus due t o  t h e  
greenhouse e f f e c t .  Assuming on t h e  b a s i s  of [278] t h a t  t h e  requi red  a t tenua-  
t i o n  of i n f r a r e d  r a d i a t i o n  of t h e  p l a n e t a r y  s u r f a c e  equals  99%, they  concluded 
t h a t  a s u r f a c e  temperature of Venus of 600°K may be explained by a greenhouse 
e f f e c t  i n  t h e  atmosphere i n  which i n f r a r e d  absorpt ion by carbon dioxide occurs 
i f  t h e  q u a n t i t y  of atmospheric carbon dioxide reaches 2 l o 7  atm c m .  This 
f i g u r e ,  i n  t h e i r  es t imat ion ,  corresponds t o  a pressure  of 60 atm a t  t h e  s u r f a c e .  
In t h i s  case t h e  C02  t r a n s p a r e n t  window is  closed as  a r e s u l t  of t h e  broadening 

of s p e c t r a l  l i n e s  by pressure .  

cm, and 

/142 - 

Thaddeus [316] came t o  an analogous conclusion. 

The c a l c u l a t i o n  of  t h e  requi red  absorpt ion conducted by Sagan i s  r a t h e r  
course,  f o r  i t  i s  based on.. the use of t h e  small  d i f f e r e n c e  between T and Ta 

and i s  t h e r e f o r e  very c r i t i c a l  with respec t  t o  a small  change i n  t h e s e  
va lues ,  i n  conjunct ion with t h e  coarseness of t h e  model used f o r  c a l c u l a t i o n  
of T and t h e  experimental  inaccuracy i n  t h e  determinat ion of T Thus, i n  0 a '  
consider ing S i n t o n ' s  [296] review of t h e  bolometr ic  albedo of Venus, from (IV.24) 
w e  ob ta in  an absorpt ion of over l o o % ,  which has no phys ica l  s i g n i f i c a n c e .  

0 

A more concrete  examination o f  t h i s  ques t ion  was made by Jastrow and 
Rasool [186, 1871. Proceeding from a s o l u t i o n  t o  a t r a n s p o r t  equation 
analogous t o  [4] i n  t h e  form 
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j 

where T 

of Venus, r e s p e c t i v e l y ,  they revea led  t h a t  f o r  t h e  atmospheric o p t i c a l  t h i c k -  
ness T = 5 ,  determined by Sagan, t h e  p l a n e t a r y  s u r f a c e  i s  heated t o  only 
340°K. To obta in  T 

l y  d i f f e r e n t  absorbend agent than t h a t  suggested by Sagan. 

and To a r e  t h e  s u r f a c e  temperature and t h e  equi l ibr ium temperature 
PS 

= 600°K, T = 42.5 i s  requi red ,  which demands a complete- 
PS 

Recently Sagan [286] reviewed h i s  work u t i l i z i n g  t h e  r e l a t i o n s h i p  
(IV.25). 
temperature T 

t i c a l  th ickness  i n  t h e  i n f r a r e d  r a d i a t i o n  band of  t h e  p l a n e t  
be requi red .  
o f  water  vapor. 

H e  came t o  an analogous conclusion t h a t  i n  o r d e r  t o  obta in  a s u r f a c e  
= 700°K i n  t h e  model which he examined, an atmospheric op- 

T = 100 would 
This could not  be provided by 106 atm-.. c m  C 0 2  and-9 g cm-' 

PS 

The a f o r e s a i d  s t u d i e s  of  t h e  greenhouse mechanism f o r  t h e  s u r f a c e  hea t ing  
o f  Venus were conducted without consider ing t h e  inf luence  of t h e  p lane tary  
cloud l a y e r .  However, such d is regard  is  n o t  considered well-founded. In  f a c t ,  
i n f r a r e d  measurements of  Venus, conducted by Chase, Kaplan, and Naugebaur [135] 
through t h e  space probe "Mariner-2" i n  two s p e c t r a l  i n t e r v a l s ,  revealed 
i d e n t i c a l  b r ightness  temperatures .  These i n t e r v a l s  were 10.2 - 10.5 and 
8 . 1  - 8.7  p; t h e  f i r s t  i n t e r v a l  f e l l  wi th in  t h e  band of absorp t ion ,  and t h e  
second, wi th in  t h e  C02 t r a n s p a r e n t  window. 

was caused, apparent ly ,  by t h e  clouds of Venus being o p t i c a l l y  t h i c k  i n  t h e  
i n f r a r e d  band. 

This i n d i c a t e s  t h a t  t h e  r a d i a t i o n  /143  - 

As i s  known [94] ,  clouds on t h e  Earth increase  t h e  greenhouse effect .  
In t h i s  connection, it seems necessary t o  consider  t h e  e f f e c t  of the  clouds 
on t h e  temperature balance of Venus. 

Ohring and Mariano [247] were the  f irst  t o  take  t h i s  i n t o  account. They 

and completely non-transparent  i n  t h e  i n f r a -  
examined a case involving Venus's cloud l a y e r , a s  completely t ransparent  i n  t h e  
v i s i b l e  p o r t i o n  of t h e  spectrum 
red  band. 
g r a d i e n t  i n  t h e  atmosphere w a s  equal  t o  the  a d i a b a t i c .  

The greenhouse: e f f e c t  w a s  maximum when t h e  v e r t i c a l  temperature 

The c a l c u l a t i o n  revealed t h a t  the  cl.ouds g r e a t l y  i n c r e a s e  t h e  g.reenhouse 
e f f e c t ,  and s i g n i f i c a n t l y  reduce t h e  atmospheric non-tranparence required.  
Thus, f o r  example, f o r  an atmosphere 

t h e  clouds cover 99% o f  the  p l a n e t a r y  s u r f a c e  then s u r f a c e  hea t ing  up t o  a 
temperature of 650"K, due t o  t h e  greenhouse effect ,  r e q u i r e s  an o p t i c a l  
atmospheric thickness  i n  t h e  i n f r a r e d  band of approximately 5; t h i s  may b e  
achieved with 106 atm - cm C02 and s e v e r a l  g - cm-2 o f  water  vapor. 

l a t t e r  does n o t  c o n t r a d i c t  t h e  abundance of  water vapor,  measured by Bottema, 
Plummer  and Strong [116], and Dolfuss [148] above t h e  cloud l a y e r ,  i f  t h e  
p r e s s u r e  near  t h e  p l a n e t a r y  s u r f a c e  i s  s e v e r a l  t ens  of atmospheres. 
i n c r e a s e  i n  br ightness  temperatures and pressures  i n  t h e  r a d i a t i n g  l a y e r  of  
Venus, as  obtained by Spinrad [302] on 7,820 f l  and Kuiper [209] on X = 1.0 - 
1.7 p i n  comparison with d a t a  obtained i n  t h e  band 3.75 - 1411, is an 
i n d i c a t i o n  apparent ly  i n  favor  of an i n c r e a s e  i n  t h e  t ransparency of Venus's 

cons is t ing  of 5% C 0 2  and 95% N 2 ,  if 

The 

AT1 
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cloud l a y e r  i n  t h e  v i s i b l e  and near - inf ra red  areas. This supports  t h e  b a s i c  
premise of t h e  mechanism of  Ohring and Mariano. 

Sagan and Pol lack [ 2 8 6 ]  a l s o  examined t h e  greenhouse h e a t i n g  of  Venus 
through t h e  p a r t i c i p a t i o n  o f  t h e  cloud l a y e r ,  and thoroughly analyzed condi- 
t i o n s  under which t h e  cloud l a y e r  might provide r e q u i r e d  condi t ions ,  i . e . ,  
pass  s o l a r  r a d i a t i o n  i n  t h e  v i s i b l e  and n e a r - i n f r a r e d  areas and remain non- 
t r a n s p a r e n t  i n  t h e  band o f  c h a r a c t e r i s t i c  p l a n e t a r y  r a d i a t i o n .  The a n a l y s i s  
revea led  t h a t  t h e  requi red  cloud c h a r a c t e r i s t i c s  may be obtained as  t h e  
r e s u l t  o f  frequency dependence on t h e  index of  d i s p e r s i o n  i f  t h e  clouds con- 
s i s t  of p a r t i c l e s  o f  matter approximately 1 P i n  r a d i u s  with a high reflec- 
t i v e  c a p a b i l i t y  and with a r e l a t i v e l y  low r e f r a c t i v e  index (n - 1 . 4 ) .  These 1 
parameters agree a l s o  with Lyot 's  measurements [ 2 2 3 ] ,  and do n o t  c o n t r a d i c t  
t h e  parameters determined above f o r  t h e  aerosol  , which s a t i s f i e s  t h e  observed 
spectrum of  Venus I s  r a d i o  frequency r a d i a t i o n .  

Sagan and Pol lack a l s o  pointed out  t h a t  i f  Venus's atmosphere is i n  a 
s t a t e  of convect ional  equi l ibr ium, and even i f  t h e  clouds absorb a s i g n i f i c a n t  
p o r t i o n  of s o l a r  r a d i a t i o n ,  t h e  absorbed energy may b e  conveyed downward by 
means of a convect ional  s t ream toward t h e  s u r f a c e  of  t h e  p l a n e t ,  and a l s o  
become a source of  h e a t .  

Another source  of p l a n e t a r y  s u r f a c e  h e a t i n g ,  suggested by Opik [ 2 5 0 ] ,  was 
designated t h e  "aeolospheric" model. According t o  t h i s  model , Venus ' s atmos- 
p h e r i c  l a y e r  under t h e  clouds i s  a heavi ly  dust- laden area of  s t r o n g  winds 
c i r c u l a t i n g  between the  cloud l a y e r  and t h e  s u r f a c e ;  s u r f a c e  h e a t i n g  occurs 
through wind f r i c t i o n  of d u s t  p a r t i c l e s .  
t ransparence f o r  c h a r a c t e r i s t i c  i n f r a r e d  p l a n e t a r y  r a d i a t i o n .  
replenished as a r e s u l t  of s o l a r  r a d i a t i o n ,  which i s  absorbed i n  t h e  p lane tary  
cloud layer .  

The d u s t  i t s e l f  c r e a t e s  non- 
Wind energy is 

However, Sagan and Pollack [ 2 8 6 ]  revealed t h a t  f o r  an atmosphere i n  a 
s ta te  of convectional equi l ibr ium, t h e  convect ional  stream i t s e l f  , and n o t  
wind f r i c t i o n ,  i s  t h e  b a s i c  source of energy t r a n s f e r  from t h e  cloud l a y e r ,  
which absorbs s o l a r  r a d i a t i o n ,  t o  t h e  warmed s u r f a c e .  In t h i s  case,  t h e  
h e a t i n g  mechanism is  reduced t o  t h e  a f o r e s a i d  i n v e s t i g a t i o n  conducted by 
Ohring and Mariano as  wel l  as  by Sagan and Pol lack.  

In t h e  a f o r e s a i d  s t u d i e s  of t h e  "greenhouse" and "aeolospheric" models , 
s o l a r  r a d i a t i o n  i s  t h e  source of p l a n e t a r y  s u r f a c e  hea t ing .  Kuz'min [57] 
pointed t o  i n t e r n a l  p l a n e t a r y  warmth as another  p o s s i b l e  source of h e a t i n g .  

In summarizing t h a t  which has been s t a t e d  above, it may be s a i d  t h a t  
t h e  explanat ion of  t h e  high s u r f a c e  temperatures on Venus by means of  t h e  
greenhouse e f f e c t  apparent ly  agrees  with a v a i l a b l e  observat ion d a t a  concerning 
t h i s  p l a n e t  and seems most probably; however, t h e  conclusive s o l u t i o n  of t h i s  
problem must be accomplished a f t e r  more complete information concerning 
Venus's atmosphere i s  obtained,  i n  p a r t i c u l a r  a c l a r i f i c a t i o n  of  d a t a  con- 
cerning t h e  content  of  water  vapor i n  t h e  atmosphere, a determinat ion of  
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the  composition of t h e  cloud layer ,  and an eva lua t ion  of  i n t e r n a l  p lane tary  
h e a t  should be e f f e c t e d .  

4. The  Atmosphere o f  Venus 

The theory of  p l a n e t a r y  atmospheric composition has been s t a t e d  i n  a 
number of works ( see  f o r  example [94]). Sharonov [96] examined t h i s  problem 
a s  i t  appl ies  t o  Venus's atmosphere. 

I n  an anology with t h e  composition of t h e  E a r t h ' s  atmosphere, it may 
b e  assumed t h a t  Venus's atmosphere is divided n a t u r a l l y  i n t o  the  f o u r  / 145 
following layers  : 

1) t h e  t roposphere,  which i s  charac te r ized  by convectional gas a g i t a t i o n ,  
by a monotonic decrease i n  temperature with a l t i t u d e ,  and by t h e  presence o f  
condensation i n  t h e  form of  clouds; 

2) t h e  s t r a t o s p h e r e ,  which is  charac te r ized  by t h e  l a c k  of  convection 
and monotonic temperature v a r i a t i o n ;  

3) t h e  ionosphere,  which c o n s i s t s  of  an ion ized  r a r e f i e d  gas;  

4)  t h e  exosphere which i s  t h e  most r a r e f i e d  upper l a y e r  where s e p a r a t e  
molecules achieve speeds surpass ing  t h e  c r i t i c a l  value and leave t h e  c e l e s -  
t i a l  body. 

The problem of the  theory of t h e  p l a n e t a r y  atmospheric composition 
c o n s i s t s  of determining the  d i s t r i b u t i o n  of dens i ty  p ,  p r e s s u r e  p ,  and 
temperature T i n  r e l a t i o n  t o  a l t i t u d e  h above t h e  p l a n e t a r y  sur face .  
r e l a t i o n s h i p  between the  gas c h a r a c t e r i s t i c s  i n d i c a t e d  above a r e  expressed 
by the  equation of s t a t e  

The 

R 
P 

p = p - T ,  ( I V .  26) 

where l~ is  t h e  molecular weight,  and R i s  a gas constant .  

With a s h i f t  from a l t i t u d e  h t o  a l t i t u d e  h + Ah, t h e  change i n  p r e s s u r e  
is  equal t o  the  weight of  t h e  gas included i n  the  elementary l a y e r  dh, which 
i s  equal t o  gpdh. Therefore t h e  b a s i c  atmospheric equi l ibr ium equat ion 
reduces t o  t h e  equat ion 

dp = -gpdh. (IV. 27) 

Dividing (IV.27) by (IV.26), w e  ob ta in  

- Pg dh. dP 
P RT 

( I V .  28) 
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In  order  t o  i n t e g r a t e  t h i s  equat ion,  w e  must have t h e  r e l a t i o n s h i p  
between p and h ,  which i s  unknown. 
e f fec ted  f o r  s e v e r a l  o f  t h e  most simple h y p o t h e t i c a l  models of t h e  composi- 
t i o n  of  t h e  atmosphere; i n  p a r t i c u l a r ,  u =  const ( the  chemical composition of 
t h e  atmosphere i s  i d e n t i c a l  a t  a l l  a l t i t u d e s ) .  

Therefore ,  t h e  c a l c u l a t i o n  is  u s u a l l y  

The composition of t h e  troposphere i s  c l o s e s t  t o  a p o l y t r o p i c  model of 
atmospheric composition, i n  which a l i n e a r  change of temperature with a l t i t u d e  
is  assumed: 

T = T + Bh, (IV. 29) 
PS 

dT 
PS dh where T i s  the  temperature a t  t h e  p lane tary  s u r f a c e ,  B = - i s  t h e  tempera- 

t u r e  grad ien t .  In  t h i s  case i n t e g r a t i o n  (IV.28) g ives  

(IV.30) /146 

where p is t h e  p r e s s u r e  a t  the  p lane tary  s u r f a c e .  
PS 

The model of an a d i a b a t i c  atmosphere i s  u s u a l l y  employed t o  obta in  a 
The model of t h e  q u a n t i t a t i v e  eva lua t ion  of t h e  t ropospher ic  parameters.  

a d i a b a t i c  atmosphere represents  a p a r t i c u l a r  case of a p o l y t r o p i c  atmosphere, 
which corresponds t o  t h e  a d i a b a t i c  process .  The temperature d i s t r i b u t i o n  is  
determined through a d i a b a t i c  cooling o f  gas as a r e s u l t  of expansion with an 
i n c r e a s e  i n  a l t i t u d e .  

ponds t o  t h i s  case, i s  def ined  by t h e  formula 

The a d i a b a t i c  temperature g r a d i e n t  B a ,  which cor res -  

(IV. 31) Bn=Cpr A&! 

-1 where A = 2.38844 * lo-' cal * erg 
g = 835 c m  * sec-2,  which i s  t h e  a c c e l e r a t i o n  of g r a v i t y  a t  t h e  s u r f a c e  of 
Venus, C is  the  s p e c i f i c  h e a t  of the  gas a t  a cons tan t  pressure .  

, which i s  t h e  hea t  equiva len t  of work, 

P 
A change i n  p r e s s u r e  with a l t i t u d e  i n  an a d i a b a t i c  atmosphere i s  

descr ibed by the  formula 

(IV. 32) 

where y = C /C  

a t  a constant  volume. 

which i s  a s p e c i f i c  h e a t  r a t i o  a t  a cons tan t  pressure  and 
P v '  

We have a t  our  d i s p o s a l  a v a i l a b l e  d a t a  concerning t h e  temperature of t h e  
p lane tary  s u r f a c e ,  obtained from radio  astronomical measurements ( §  I V .  3 ) .  
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The atmospheric temperature of Venus a t  the leve l  of t he  cloud layer  i s  a l so  
known from op t i ca l  measurements ( 9  1.4).  Since w e  know the  pressure a t  the 
leve l  of the cloud layer  ( §  1.3) from op t i ca l  da ta ,  we may, with the a id  of 
(IV.32), estimate the pressure a t  the planetary surface.  
r e  1 at ions h ip  

From the obvious 

- TcZ - Tp S 
hcZ - 6 

(IV. 33) 

w e  may a l so  estimate the a l t i t u d e  of t he  cloud layer  above the planetary 
su r f  ace. 

However, the chemical composition of Venus's atmosphere, and therefore  
the value of the ad iaba t ic  gradient ,  a r e  not  known. As indicated above, the 
bas i c  component of the atmosphere i s ,  appar n t l y ,  nitrogen o r  i n e r t  gases. 
For  nitrogen,y = 1.404 and 6 = 8 deg - km- f . For argon,y = 1.67 and 6, = 

= 16 deg - km . = 650°K and TcZ = 240"K, t h i s  means the  a l t i t u d e  

of the cloud layer  i s  50 o r  25 km f o r  a ni t rogen o r  an argon atmosphere, 
respect ively.  
[61] 
defining the radius of. the cloud layer  [324]. 

cloud layer  by 32 and 1 2  times. Accepting t h a t  the l a t t e r  equals 90 mb o r  
300 mb, w e  may estimate the surface pressure a t  3 - 10 a t m .  
doubtful t h a t  the temperature gradient  exceeds the ad iaba t ic ,  the  estimate 
made f o r  the surface pressure i s ,  apparently,  a minimum. With a gradient  
lower than the ad iaba t ic ,  the  value p increases .  

P 

/147 a - 
-1 With T 

PS. 

This agrees with the determination made by Kuz'min and Clark 
t h a t  the planetary surface radius i s  6,060 km, and with op t i ca l  da t a  

Planetary surface pressure 
i n  two cases examined, was g rea t e r  than the pressure a t  the leve l  of the 

pP > 

Since it is  

An estimate of the possible  content of water vapor i n  the lower atmos- 
phere of Venus, conducted by Drake [155] on the  bas i s  of a lack of a 
discernible  l i n e  of absorption A = 1.35 cm, es tab l i shes  an upper l i m i t  of 
water vapor content i n  Venus's atmosphere equal t o  severa l  tens of grams 
of p rec ip i t a t ed  water pe r  square centimeter. 

5. Elements o f  Rotation of Venus 

A determination of the elements of ro t a t ion  i s  one of the important 
problems of planetary invest igat ion.  
ax is ,  we may poin t  out  the pos i t ion  of the  poles ,  the equator,  and the network 
of meridians and p a r a l l e l s  on the planetary surface.  

Knowing the alignment of the ro t a t iona l  

The most dependable da ta  concerning the elements of ro t a t ion  of  Venus 
have been obtained from radar  measurements. Rotational d i r ec t ion  of the 
planet  around i ts  axis  is  the reverse  of the  revolution of the p lane t  i n  i t s  
o r b i t  around the Sun. 
i s  245 f 3 Earth days, which corresponds t o  the length of a s o l a r  day on Venus 
equal t o  118 Earth days. 

The t r u e  o r  s ide rea l  ro t a t iona l  period of the p lane t  
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Goldreich and Peal [335] ( s i c )  d i r e c t e d  a t t e n t i o n  t o  t h e  fact t h a t  i f  t h e  
moment of i n e r t i a  of Venus depends on d i r e c t i o n ,  a s t a b l e  system of  p lane tary  
r o t a t i o n  i s  p o s s i b l e  i n  which a t  the  i n f e r i o r  conjuct ion Venus is always 
o r i e n t e d  i n  such a manner t h a t  i t s  moment o f  i n e r t i a  i s  a t  a minimum with 
respec t  t o  t h e  d i r e c t i o n  toward t h e  Earth.  

I n  order  t o  o b t a i n  such an ear th-sychronized r o t a t i o n  , Venus ' s  r o t a t i o n a l  
per iod  T must b e  connected w.ith t h e  synodica l  p e r i o d  of  p l a n e t a r y  revolu t ion  
Tc by the r e l a t i o n s h i p  

(IV. 34) 
TC T = ~ _ _ .  - 

n + Y/360° ' 

where n is an i n t e g e r  , Y = 145", which is t h e  d i f f e r e n c e  ( i n  t h e  re t rograde  
d i r e c t i o n )  of t h e  e c l i p t i c a l  longi tudes o f  two consecut ive i n f e r i o r  con- 
junc t ions  of Venus. When n = 2,  t h i s  corresponds t o  a r o t a t i o n a l  per iod  f o r  
Venus T = 243.6 days,  which , with in  t h e  accuracy of measurement e r r o r  , agrees 
with experiment. 
fact t h a t  t h e  s u r f a c e  r a d i u s  o f  Venus, as measured by Kuz'min and C l a r k  
[61] , was somewhat l e s s  than t h e  ephemeris , on t h e  b a s i s  o f  which t h e  d e t e r -  
mination of  t h e  apparent angular  v e l o c i t y  of  t h e  r o t a t i o n  of  t h e  p l a n e t  was 
conducted. In  o r d e r  t o  c l a r i f y  t h e s e  i n t e r e s t i n g  q u e s t i o n s ,  f u r t h e r  more 
p r e c i s e  experimental  determinat ions o f  t h e  r o t a t i o n  per iod  i n  t h e  rad ius  of 
Venus a r e  requi red .  

- /148 

T h i s  agreement would be even b e t t e r ,  i f  w e  consider  t h e  

The alignment of  Venus's r o t a t i o n a l  a x i s  i s  c l o s e  t o  t h e  o r b i t a l  po le  
of the p l a n e t  ( a  = 276' , 6 = 66') ; t h e  i n c l i n a t i o n  of t h e  p l a n e t a r y  p o l e  
from the o r b i t a l  p o l e  does not  exceed 6 ' .  

In p r i n c i p l e ,  analogous t o  Earth,  one may expect a change i n  t h e  
p o s i t i o n  of  t h e  poles  with time due t o  precess ion  and n u t a t i o n .  
n u t a t i o n  i s  q u i t e  small, and precession takes  p l a c e  very slowly. 
i n  p r a c t i c e ,  one may consider  t h e  p o s i t i o n  of t h e  poles  on t h e  p l a n e t  t o  be 
unchanging. 

However, 
Therefore,  
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CHAPTER V 

THE PROSPECTS OF FURTHER R A D I O  P H Y S I C A L  
I N V E S T l  GAT I ONS OF VENUS 

As shown above, t h e  employment of r a d i o  phys ica l  methods of i n v e s t i g a t i o n  /149 
has r e s u l t e d  i n  t h e  c l a r i f i c a t i o n  of a series of important problems concerning 
the  physics of  Venus. 
astronomy and r a d a r  w i l l  make i t  p o s s i b l e  t o  pose new problems. 
problems 
r a d i o  astronomical and r a d a r  measurements are, i n  our opinion, t h e  d e t e r -  
mination of the  phys ica l  parameters of t h a t  p a r t  o f  Venus not  i l lumina ted  by 
t h e  Sun, t h e  mapping of t h e  p l a n e t ,  and the  i n v e s t i g a t i o n  o f  the  e l e c t r i c a l  
p r o p e r t i e s  of the  s u r f a c e  and t n e  atmosphere. 

Further  development i n  t h e  technology of r a d i o  
Among 'these 

which may be so lved  i n  t h e  immediate years  ahead with t h e  a i d  of 

In  order  t o  determine t h e  parameters of t h e  s i d e  of Venus not i l lumina tea  
by t h e  Sun, i t  is necessary t o  cont inue rad io  astronomical measurements of  t h e  
phase dependence of t h e  p l a n e t a r y  br ightness  temperature and t o  expland these  
t o  t h e  e n t i r e  band of wavelength from t h e  mi l l imeter  t o  t h e  decimeter waves, 
i n  which measurements of  t h e  non-il luminated s i d e  of  t h e  p l a n e t  have been 
c a r r i e d  o u t .  The measurements must encompass t h e  f u l l  phase c y c l e  of Venus, 
including t h e  p l a n e t ' s  s u p e r i o r  conjunct ion.  

The accomplishment of such measurements w i l l  be complicated by t h e  f a c t  
t h a t  t h e  antenna parameters of l a r g e  rad io  te lescopes  a r e  as a r u l e  uns tab le  
i n  time and moreover depend on t h e  p o s i t i o n  of t h e  antenna, and t h e r e f o r e  on 
t h e  d e c l i n a t i o n  i n  space of t h e  source o f  the  r a d i a t i o n  observed. The f i r s t  
circumstance leads t o  t h e  n e c e s s i t y  f o r  conducting measurements through a 
method of  comparing t h e  i n t e n s i t y  of r a d i o  frequency r a d i a t i o n  of Venus with 
a s tandard  source.  In t h i s  connection, t h e  angular  dimensions of  t h i s  source 
must be small i n  comparison with t h e  antenna p a t t e r n  width.  Antenna parameter 
dependence on d e c l i n a t i o n  renderes  impossible d i r e c t  comparative measurements 
of Venus, the  d e c l i n a t i o n  of  which i n  t h e  course of i t s  phase cyc le  changes 

t h e  d e c l i n a t i o n  of which 
remains cons tan t .  Several  s tandard  sources with d iverse  d e c l i n a t i o n s  a r e  
requi red ,  with known r e l a t i v e  i n t e n s i t i e s .  The design of such a re ference  
s e t  of s tandard  sources  would a l s o  be of  g r e a t  value i n  r a d i o  astronomical 
measurements of o t h e r  sources  of r a d i a t i o n  i n  space.  

by up t o  45", with one s e l e c t e d  s tandard  source,  /150 - 

The comparison of s tandard  sources with each o t h e r ,  and a l s o  with Venus, 
is  more conveniently conducted through r a d i o  te lescopes with a v e r t i c a l -  
azimuth mount, f o r  i n  t h i s  case t h e  antenna parameters depend only on t h e  
a l t i t u d e  of t h e  source 
conducted when the  a l t i t u d e s  of t h e  l a t t e r  a r e  i d e n t i c a l .  

and comparative measurements of two sources  may be 

Measurements should a l s o  b e  conducted of t h e  d i s t r i b u t i o n  of r a d i o  
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br ightness  of Venus on a series o f  wavelengths, inc luding  p o l a r i z e d  r a d i a t i o n  
f o r  t h e  s i d e  of the  p l a n e t  i l lumina ted  by t h e  Sun. I t  i s  extremely important 
t o  a l s o  cont inue r a d a r  measurements f o r  t h e  e n t i r e  phase cyc le  o f  Venus. 

The s u r f a c e  mapping o f  Venus i s  one of  a number of problems which can 
hard ly  be solved i n  t h e  foreseeable  f u t u r e  without t h e  a p p l i c a t i o n  o f  r a d i o  
phys ica l  methods o f  i n v e s t i g a t i o n .  I n  f a c t ,  as  has a l ready  been i n d i c a t e d  
above, observat ions of  Venus in t h e  o p t i c a l  band revea l  no information con- 
cerning i t s  s u r f a c e .  Di rec t  probe i n v e s t i g a t i o n s  a l s o  do not  s o l v e  t h e  
problem e i t h e r ,  f o r  t h e  l i m i t e d  number of space v e h i c l e s  which apparent ly  may 
by d i r e c t e d  toward Venus i n  t h e  next s e v e r a l  years  w i l l  r evea l  only s p e c i f i c  
l o c a l  information concerning t h e  small  a reas  i n  which they land .  

Radio astronomical measurements of t h e  d i s t r i b u t i o n  o f  r a d i o  b r i g h t n e s s  
and of  t h e  p o l a r i z a t i o n  of t h e  rad io  frequency r a d i a t i o n  of Venus, and r a d a r  
measurements of t h e  d i s t r i b u t i o n  of t h e  r e f l e c t i v e  f e a t u r e s  on t h e  sur face ,  con- 
ducted on s e v e r a l  waves i n  t h e  t ransparent  band of  t h e  atmosphere of Venus, 
permit us t o  o b t a i n  a p i c t u r e  of t h e  d i s t r i b u t i o n  of temperatures and e l e c t r i -  
c a l  parameters of the  p lane tary  sur face .  
t ransparence i s  s u i t a b l e  f o r  conducting such measurements. The high 
r e s o l u t i o n  requi red  f o r  i n v e s t i g a t i o n  of  t h e  d i s t r i b u t i o n  of r a d i o  br ightness  
may b e  achieved through the  i n s t a l l a t i o n  of a r a d i o  te lescope  on a space 
v e h i c l e  performing a f l i g h t  around Venus. 

, 
The 10 c m  wave i n  t h e  band of 

For t h e  i n v e s t i g a t i o n  of t h e  e l e c t r i c a l  p r o p e r t i e s  of  t h e  atmosphere o f  
Venus, i t  is necessary t o  continue s p e c t r a l  measurements o f  t h e  p lane tary  
br ightness  temperature i n  t h e  ranges of decimeter and meter waves i n  order  t o  
c l a r i f y  t h e  ion ospher ic  p r o p e r t i e s  of Venus. S p e c t r a l  measurements a r e  
required i n  t h e  range of  sub-mil l imeter  waves t o  o b t a i n  new d a t a  concerning 
t h e  n a t u r e  of t h e  absorbent l a y e r  i n  t h e  p l a n e t  atmosphere. 

/ I51  

Radar measurements o f  t h e  p l a n e t  i n  t h e  cent imeter  wavelength band may 
introduce an e s s e n t i a l  cont r ibu t ion  t o  t h e  i n v e s t i g a t i o n  of  t h e  e l e c t r i c a l  
p r o p e r t i e s  of the atmosphere of  Venus. 

The cont inuat ion of i n v e s t i g a t i o n s  of v a r i a t i o n s  i n  br ightness  tempera- 

However, both r a d i o  astronomical and r a d a r  i n v e s t i g a t i o n s  of  Venus's 

t u r e  a r e  a l s o  important.  

atmosphere do not  have uniform i n t e r p r e t a t i o n s .  
cont inuat ion of measurements from t h e  Earth,  d i r e c t  measurements of t h e  
atmosphere and of t h e  s u r f a c e  of Venus with the  a i d  of  space vehic les  a r e  
requi red .  
ments of Venus t h a t  a r e  impossible from t h e  Ear th .  
which may be c a r r i e d  o u t ,  f o r  example, a r e  measurements o f  t h e  pressure  and 
chemical composition of  Venus's atmosphere, t h e  determinat ion of the  rock 
mater ia l  comprising i t s  s u r f a c e ,  and measurements of t h e  p l a n e t a r y  magnetic 
f i e l d .  

contact  with t h e  p l a n e t  Venus, e s t a b l i s h e d  by t h e  unmanned i n t e r p l a n e t a r y  

Therefore ,  along with t h e  

I t  i s  advisable  t o  conduct on t h e s e  v e h i c l e s  t h e  s p e c i f i c  exper i -  
Among t h e  measurements 

A b r i l l i a n t  success  of Soviet  sc ience  and technology -- t h e  first space 
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s t a t i o n  11Venus-3", permits us t o  hope t h a t  such experiments w i l l  be  conducted 
i n  the near fu ture .  However, the  development of programs of invest igat ions 
with space vehicles  does not  decrease, but on the  contrary increases ,  the  
necessi ty  f o r  the development of inves t iga t ions  of Venus from the Earth. 
measurements provide i n i t i a l  data ,  on the bas i s  of which decisions may be made 
concerning the choice of the  most expeditious programs of space experiment. 
Earth measurements a re  required f o r  the in t e rp re t a t ion  of space experimental 
data.  Final ly ,  Earth measurements a re  considerably more economical, and t h e i r  
dependability i s  considerably higher,  than space experiments. Thus, according 
t o  an evaluation by American s p e c i a l i s t s  [334], the cost  of experiments con- 
ducted from the Earth i s  severa l  hundred times l e s s  than the  cos t  of space 
experiments. 

Earth 

Earth and space invest igat ions must compliment each other :  the  former 
provides a bas i c  m a s s  of experimental mater ia l  axd the l a t t e r  provides unique 
key data .  

131 



APPENDIX 

TABLE 1 .  A L I S T  OF THE CONJUNCTIONS OF VENUS 

- .. 
FROM 1956 TO 2000 

... 

In fe r io r  Coniunct ions- __  

Year 

1956 
1958 
1959 
1961 
1962 
1964 
1966 
1967 
1969 
1970 
1972 
1974 
1975 
1977 
1978 
1980 
1982 
1983 
1985 
1986 
1988 
1990 
1991 
1993 
1994 
1996 
1998 
1999 

Date 

22 June 
28 Jan.  

1 Sep t .  
11 April  
12 Nov. 
19 June 
26 Jan.  
29 Aug. 
8 A p r i l  

10 Nov. 
17 June 
23 Jan. 
27 Aug. 
6 A p r i l  
7 Nov. 

15 June 
21 Jan.  
25 Aug.  
3 A p r i l  
5 Nov. 

13 June 
19 Jan.  
22 Aug. 

1 A p r i l  
2 Nov. 

10 June 
16 Jan.  
20 Aug.  

App ar- 
en t  D i c  
mea-  

58" 
63" 
59 " 
59" 
63" 
58" 
63" 
59" 
59 " 
63 * 
58" 
63' 
59 " 
59" 
63" 
58" 
63" 
58" 
60" 
62 " 
58" 
63" 
58" 
60" 
62" 
58" 
63" 
58" 

Date I Ahpar- e n t  D i  
I meter 

Year 

1957 
1958 
1960 
1962 
1963 
1965 
1966 
1968 
1970 
1971 
1973 
1974 
1976 
1978 
1979 
1981 
1982 
1984 
1986 
1987 
1989 
1990 
1992 
1994 
1995 
1997 
1998 
2000 

14 A p r i l  
11 Nov. 
22 June 
27 Jan. 
30 Aug.  
12 Apri 1 
9 Nov. 

20 June 
24 Jan. 
9 Aur i l  
6 Nov. 

18 June 
22 Jan. 
25 Aup.  
7 A p r i l  
4 Nov. 

l5 June 
19 Jan.  
23 Aug.  
5 Apri l  
1 Nov. 

l 3  June 
l7 Jan. 
2o Auq. 

30 Oct. 
11 June 

27 ~ u g .  

A p r i l  

10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
10" 
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12,5 
16 
20 
25 

672 
633 
598 
562 

1,1 986 
1.25 971 

985 
969 
943 
919 
895 
874 
838 
808 
77 1 
740 
706 
671 
632 
597 
561 
532 

983 
968 
91 1 
918 
8'33 
872 
836 
807 
770 
739 
705 
670 
63 1 
595 
560 
531 
4s; 

513 
509 
499 
488 
4 76 
465 
445 
429 
405 
390 
37 1 
35 1 
329 
310 
289 
273 
249 
23 L 
210 
194 

382 219 ~ 

380 218 
373 "-1 
3G5 210 
356 205 
348 201 
323 19? 
321 183 
305 175 
292 168 
271 159 
262 150 
2-15 141 
2% 132 
2i5 123 

185 105 
171 97 
155 87 , 

203 I 16 

979 968 ' 951 917 826 709 
9G.1 951 1 937 ' 90.1 816 693 
935 928 912 I 850 796 677 

3s:) I 777 662 
837 756 6-15 
817 739 630 
783 709 60-1 
1 3 3  6% 5451 
723 ' 631 554 
691 624 531 
659 I 595 505 
636 561 479 
SS9 530 419 
X I ~  5CO 423 
522 469 396 
495 444 37.7 

--- 

-,.- 

2 0  
2 0  
2 0  
2 0  
2 0  
2 0  
2 0  
1 0  
1 0  
1 0  
I O  
1 . 0  
I O  
I O  
I O  
1 0  
1 0  
1 0  

I O  
; I :  

113 60 33 I8 6 
18 5 
18 5 
17 5 
17 5 
16 5 
16 5 
15 5 
14 4 
14 4 
13 4 
12 , 4 
11 4 
1 1  3 
10 3 

- 9  , 3 
8 3  
8 2  

113 GO 32 
I l l  59 3% 
109 58 31 

1 :6- 94'4 
2,o 92 1 
2,s 896 
3,o 875 
4,o 839 
5.0 810 

915 905 
893 ' 881 
869 869 

825 
79.3 
759 
728 
695 
660 
622 
586 
552 
j:! 3 
480 

E89 
8GG 
8-15 
81 1 
I b2 
7.16 
716 
683 
6.:9 
610 
576 
5.1 I 
513 
470 
428 

- 7 .  

107 , 57 31 
55 30 
53 29 

IO4 
IO0 
96 
91 

82 
78 
73 
68 
63 
60 
54 
50 
45 
42 
38 

87 

: 831 
80.1 
767 
736 
702 
668 
629 
593 
558 
529 
485 
452 
414 
386 

51 28 
48 26 
46 25 

615 772 

44 24 
41 , 22 
39 ' 21 
36 20 
34 , 18 

29 , 15 
32 , 17 30 1 534 

488 
455 454 
417 I 416 i 

450 ' 406 342 
421 377 318 ' 

359 321 I 269 1 3SG I 3-15 290 
26 14 ~ . .  

40 I 
373 
345 

2 1 t2" 
20 11 

80 389 
100 I 360 

388 388 
359 1 358 1 357 352 331 1 296 I 248 j 179 



TAslF- \I 0 .001  I 0 . O F 2  

0.001 0 , 0 0 2  

BAho. "K 

0.90 I 105 I 105 

1 2 2 . 5  0 . 0 1 .  0.02 0.04 0 . 1  0 . 2  ' 0 , 4  0.6 

0:is I 24: 1 ;2; 
0.61 

3 4 

0137 1 993 I 992 

5 6 . 5  

0;20 1608 ~ 1606 
0,08 1 2524 I 2522 
0,03 ! 3505 3303 
0,0067 5004 5032 
0,00055 : 749s 749C 
0,O'OOG I 10006 10005 

5.8 11 22 
::EO I i;; I 5,81 22 
0,59 1,2 5,8 11,4 87 141 22 

!::,5 1 :!! I '233;,6 I !: -10 
-40 
-160 177 220 

0 ,004  

- 
104 
247 
49 I 
989 
1603 

;% I 285 

254 257 

0 . 0 1  I 0 . 0 2  

103 101 
244 I 240 

982 ' 970 
1594 1 1578 

487 I 479 

-IO 118 194 246 1 311 1 374 

239 1 298 , 348 
245 308 i 369 -40 

-160 

2518 ~ 2508 1 2490 
4998 4936 ' 4967 
3-199 ~ 3487 1 3.169 

385 

354 
379 

7495 1 71SO 7GGI 
10001 1 9390 1 9970 , 993% 

0.04  

-- 
98 
232 
465 
9-17 
1549 
2455 
3433 
4930 
7424 

_. 

427 I 373 
88-1 1 793 
1467 1 1347 
2360 2219 
3331 31bO 
4826 ' 4670 
7319 7162 
9828 , 9670 

0 . 4  

__ 
56 
137 
290 
647 
1151 
1931 
2524 
4405 
6895 
9403 ~ 

0 , 6  

-- 
42 
105 
229 
536 
995 
1787 
2712 
4184 
667:' 
9183 

751 56" ' 427 I 330 [ 259 I 165 
148G 1214 1014 862 1 8  742 566 
2377 ' '2066 1830 1613 1491 1256 
3992 3-199 , 3213 ' 3036 2865 2593 
6314 5976 ' 571.3 5501 5323 5040 
8822 8!83 8220 8007 78'23 7545 

T r .  Note: On Table 4 and T a b l e  5 commas indicate decimal points. 

TABLE 5 Values I 3  (r, T,, BAh,) 

Tm, 
"K 

300 

400 

600 

1000 

2 000 

5 ' 0  I I 
IO9 j 62 ' 19 
456 , 321 166 

1082 889 606 
2383 , 2159 1750 
4819 4558 4131 
7322 7060 6225 

387 
356 

623 637 643 648 
705 I 731 1 747 I 762 

1098 1 1129 I 1146 I 1162 
2080 1 2124 I 2145 1 2161 
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